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Abstract
Agricultural land use in areas that are located in karst groundwater basins
negatively impact groundwater quality because karst terrains provide multiple, direct
hydrologic connections from the surface into karst aquifers. The connections and rapid
velocities associated with surface and subsurface flow in karst aquifers allow for
contaminants to move quickly into and through a groundwater basin. When groundwater
returns to the surface via a spring or springs, any contaminants within the water become
part of surface streams and rivers. These in turn, impact water quality in areas located
downstream of the spring or springs.
The purpose of this study was to identify the source and movement of agricultural
contaminants in a karst groundwater basin within the context of local climate,
hydrogeology and land use. The study area is a fluvio-karst groundwater basin located in
the Corn Belt of northeast Iowa and southeast Minnesota. Land use is predominantly
agricultural in nature.
XI
Dye tracing, both qualitative and quantitative, resulted in the delineation of the
Coldwater Cave Groundwater basin and illustrated that the boundaries of the basin could
change as a result of precipitation events. Investigation of basin and aquifer
characteristics, stream water temperature monitoring, and evaluation of cave map data
and karst feature inventories determined that the surface and subsurface hydrogeology in
the study area was very well integrated. Water sampling and analysis documented that
agricultural contaminants, specifically nitrates, bacteria, and atrazine impact the quality of
the surface water and groundwater within the basin. A ribotyping project that was done in
conjunction with the thesis work showed the source of bacteria to be from cattle and
humans. Nitrogen isotope analyses indicated that the source of nitrates was from
ammonium fertilizers and from septic system wastes. Atrazine, at levels well below the
MCL standards established by EPA, and its metabolite deethylatrzine (DEA) were
detected in the groundwater year round.
Contaminant load was calculated for nitrates, bacteria, and atrazine. Lowest
contaminant loads occurred during the winter months of November, December, and January,
when freezing temperatures minimized groundwater recharge. Contaminant load varied between
high and low concentrations during the months of February and March reflecting the diurnal
change between above and below freezing surface temperatures. Contaminant loads were
highest during May through October when storm events are common. Contaminant load and
transport are a function of the interaction of local hydrogeology and climate.
xn
Chapter I. Introduction
Statement of Problem
Surface water and groundwater contamination, especially in agricultural areas, is
a serious problem in the United States and internationally (Hallberg and Keeney, 1993;
Rabalais, 1996; Schumaker and Imes, 2000; Diaz, 2001). Agricultural land use in areas
that overlie shallow karst aquifers negatively impact groundwater quality because karst
terrains provide multiple, direct hydrologic connections from the surface into
groundwater aquifers (White, 1988; Quinlan 1989; Ford and Williams, 1989; White,
2003). The surface/subsurface connections and rapid velocities associated with
groundwater flow in karst aquifers allow for contaminants to move quickly into and
through a groundwater system (Vesper, 2003.) As a result, contaminated water is not
exposed to natural purifying reactions such as adsorption, degradation, and filtration in
the subsurface (White, 1988; Ford and Williams, 1989). When karst groundwater returns
to the surface via springs, any contaminants within the water become part of surface
streams and rivers (Alexander and Lively, 1995). These in turn, affect water quality in
areas located downstream of the spring or springs.
In farming areas underlain by karst, nitrates from livestock waste and fertilizer
use, bacteria from livestock waste and inadequate septic systems, and the application of
pesticides, cause degradation of shallow groundwater quality (Panno et al., 1999).
Land use conditions and practices affect water quality in karst regions and in the
recharge areas that are directly associated with individual karst drainage basins (Aley,
1977). Precipitation amounts and rates, and storm and snowmelt runoff strongly influence
pollutant concentrations in groundwater (Koch and Case, 1974; Huppert et al, 1988.)
Identifying the sources of contaminants is an important step in determining
effective methods for improving water quality. A clear understanding how karst aquifers
become contaminated requires knowledge about the hydrologic function of the aquifer,
its relationship to the recharge area, the sources of contamination, and the affects of
climatic controls.
Accurate delineation of karst watersheds both at the surface and subsurface is
critical not only for determining groundwater supplies, but also for identifying the source,
direction, and velocity that contaminants can move. This factor can also have serious
implications when considering how land use affects specific areas, and for calculating
contaminant load on specific basins.
The purpose of this research was to identify and delineate the linkages between
agricultural land use, contaminant sources, groundwater quality, climate, and the
hydrologic character of a fluvio-karst drainage basin and its recharge area. Since the
drinking water needs of 25% of the human population are supplied largely or entirely by
karst waters, (Ford and Williams, 1989), understanding the nature and function of karst
aquifers, the sources of groundwater contaminants, the relationship between surface and
subsurface hydrogeology, and the affects of climate on groundwater flow can provide
valuable insight for effective conservation, management, and use of karst groundwater
resources.
Fluvio-karst Landscapes, Aquifers and Groundwater Basins
Fluvio-karst, as defined by Sweeting (1973), is a landscape that forms from the
interactions of fluvial and karst processes. Surface drainage patterns are disrupted by the
solutionally-infiuenced morphology of the landscape (White and White, 2001). These
types of landscapes are underlain by karst aquifers that are soluble bodies of rock which
transport water via a network of tributary conduits. Karst aquifers may also have
primary and secondary porosity openings, which are saturated with water when below the
potentiometric surface (Worthington 2003).
A fluvio-karst landscape consists of karst groundwater basins that are defined by
surface and subsurface drainage systems that co-evolve as a single entity (Ford and
Williams, 1989.) Karst groundwater basins includes both the surface area and the
permeable area (or aquifer) beneath it, and is separated from adjacent basins by geologic
or by hydrologic boundaries.
Groundwater basin and aquifer characteristics and responses are measured with
hydrographs and chemographs. Hydrographs measures variations in water quantity and
chemographs measure variations in water chemistry. Both are used to study the physical
and chemical characteristics of groundwater flow and water chemistry in karst aquifers at
base flow and during recharge events (White, 1988). Studies of flood events in karst
aquifers have shown that the flood pulse is composed of water from storage and water
that has entered the system from recharge events (Meiman et al, 1988). Both types of
water have distinctive chemical and physical characteristics.
Traditionally, karst drainage basins were considered only within the context of
surface watersheds. The United States Geologic Survey (USGS) uses a hydrologic unit
code classification (HUC) to identify surface watersheds based on topographic relief
(Seaber et ah, 1987). There are three levels of HUC units which include HUC 8 for major
watersheds, HUC 10, which divide the major watersheds into sub watersheds and HUC
12 which further divide the sub watersheds into stream segment units.
In karst, subterranean drainage divides do not necessarily follow surface drainage
basin patterns. Subsurface divides in fluvio-karst basins may be distinct like topographic
divides or they can be broad and indistinct where groundwater between adjacent basins
intermingles (Ford and Williams, 1989). Karst groundwater basin divides can shift with
changes in water levels and flood-overflow routes, and subterranean stream piracies
across basin divides are common (White, 1988; Ford and Williams, 1989; Ray et al
2005). These scenarios are not addressed in the USGS HUC classification of watersheds.
Recharge and Karst Drainage Basins
The recharge area of a fluvio-karst drainage basin includes, as points of input,
swallets, stream sieves, and sinkholes. Other factors that affect recharge include regolith,
macroporosity, and, the epikarst zone that control the quantity and quality of water that
goes underground (Gillieson, 1998.) According to White (1988) sources of recharge in a
fluvio-karst drainage basin can include:
• allogenic recharge where surface waters enter the aquifer via swallets and
stream sieves,
D autogenic recharge from precipitation that infiltrates the bedrock
underlying small, localized drainages. These form in response to storm
events and can flow into the aquifer through sinkholes. This type of
recharge is diffuse,
D diffuse infiltration which, is a function of precipitation that penetrates into
the soil and may be held for short or extended periods of time in the
epikarst zone. The diffuse flow will eventually reach the water table via
the rock matrix, along fractures, and/or bedding planes,
D groundwater systems perched above the main karst aquifer can contribute
allogenic recharge to the drainage network by epikarst shafts and open
fracture systems that form along the margins of a perched aquifer.
An important characteristic of fluvio-karst drainage systems is the interaction
between surface and subsurface water and the velocity with which surface water can
enter and move through the underground drainage network (White, 1988; Ford and
Williams, 1989; Quinlan, 1989; White and White 2001).
Regolith and the epikarst are important components of karst drainage basins
because they control the rate, depth, and distribution of recharge (White, 1988; Quinlan,
1992). They also influence the movement of contaminants from the surface to underlying
karst aquifers
Regolith includes soil, residuum, colluvium, and alluvium. Contaminants that are
released at the surface must pass through the existing regolith to reach an underlying
karst aquifer. Macroporosity is an important factor in the movement of fluids through
regolith. Macropores include cracks, pipes, root channels, animal burrows, and other
openings with dimensions on the order of 0.1 cm to several centimeters or larger
(German and Beven, 1981). Macropores can form in response to plant growth, animal
activity, and/or shrinking and swelling because of changes in temperature or moisture
content of the soil.
The epikarst (also known as the subcutaneous zone) is an important element of
karst drainage basins (Williams, 1983). Lithologic and structural variation and other
factors produce a complex top-of-rock topography characterized by bedrock pinnacles,
pits, channels, and weathered rock fragments mixed with finer-grained regolith (Wolfe et
al., 1997). Epikarst may extend to depths of tens of meters or may be totally absent. The
epikarst zone serves to store and concentrate infiltrating groundwater along with
contaminants, and provides a direct route into the underlying aquifer (White, 1988; Ford
and Williams, 1989; Klimchouk, 1997).
Epikarst can form locally dominant aquifers (Haug and Mahoney, 1994; Julian
and Young, 1995). Precipitation recharge, which is undersaturated with respect to
calcium carbonate, performs the bulks of its solution work within 10 meters of the
surface (Ford and Williams, 1989). The solutionally enlarged fissures that exist in the
bedrock are wider near the land surface and narrow with depth. Infiltration into the top
of this highly corroded subcutaneous zone is much easier than drainage out of it
(Klimchouk, 2004). The downward flow of drainage is restricted during heavy rain and
results in storage of water within this zone. In effect, a perched epikarst aquifer is formed
with a base that is essentially a leaky capillary barrier (Ford and Williams, 1989).
Karst Hydrogeologic Features
Karst hydrogeologic features play a significant role in routing surface runoff and
recharge (Wolfe, 1996) in fluvio-karst drainage basins. Most were formed by and
continue to influence hydraulic connections between the surface and subsurface because
they are points of ground water recharge, discharge, or sometimes both. The distribution
of karst hydrogeologic features is an important factor with respect to the rapidity of
groundwater recharge and the hydraulic response of a drainage system to precipitation
events. These features provide efficient pathways for contaminants to enter karst
aquifers. Typical karst hydrologic features in fluvio-karst landscapes include swallets,
stream sieves, sinkholes, sinkhole ponds and lakes, caves (conduits), and springs.
The input point that directs a surface tributary stream into the subsurface is called
a swallet. Tributary surface streams can flow into swallets leaving dry stream beds that
only carry water during storm events. Perennial streams that continue to drain the surface
while still losing part of their flow to the subsurface are called stream sieves.
A sinkhole is a depression at the earth's surface that can form by the dissolution
or collapse of underlying bedrock. Drainage is provided through underground conduits
that may enlarge by the collapse of a conduit roof. If the drainage point of a sinkhole
becomes clogged with debris, or if the water table is very shallow, a sinkhole may fill
with water forming sinkhole ponds or lakes.
Groundwater moves through a karst aquifer via conduits. When conduits are
large enough to allow human entry they are called caves. Conduits drain the
intergranular or primary porosity within a soluble rock body, and the fractures or
secondary porosity formed by bedding planes, faults or joints. In fluvio-karst landscapes,
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the drainage patterns formed by conduits can resemble the dendritic patterns formed by
surface streams.
Karst springs are discrete points where groundwater discharges from a conduit to
the surface. If a groundwater breaches the surface in more than one place these are called
distributary springs. Water flowing in conduits to base level surface streams will flow
toward the lowest available exit. This process creates new spring openings downstream
of the previous ones. During higher flow conditions, the abandoned openings will also
discharge water. In low-gradient streams, several openings can develop simultaneously,
resulting in many springs that drain a single groundwater basin.
Conduits are characteristic of fluivio-karst drainage basins and play a significant
role in basin extent, morphology and configuration. When conduits are large enough to
allow human entry, they are called caves and can have diameters that range from meters
to tens of meters or more. Most conduits are much smaller in dimension with widths
ranging down to a few millimeters (White, 1988; Ford and Williams, 1989). In well
developed cave systems, conduit patterns are revealed from maps that are made of the
systems. Caves are actually pieces of both active and abandoned portions of the conduit
system; maps show all humanly accessible passages. A large cave system map can be
composed of a sampling of conduit system fragments that may be separated in both time
and space (White, 1988). Upper level passages may have formed in geologic time spans
that are not related to modern drainage basins. A cave can also represent sections of the
conduits systems of more than one drainage basin.
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Agricultural Contaminants
The agricultural industry of the United States is recognized worldwide for its high
productivity, quality, and efficiency in delivering goods to consumers (Bhumbla, 2004.)
High production levels are attained by the use of plant nutrients such as nitrogen,
phosphorus, and potassium in the form of fertilizers, manures, sludges, and legume and
crop residues. However, when nutrients are applied in excess of crop needs, they pollute
surface water and groundwater. Agriculturally associated nutrients, bacteria, and
pesticides have caused serious degradation of water quality in the shallow, unconfined
aquifers that underlie farming operations on karst landscapes across the United States and
in the surface streams and rivers that are fed by those aquifers.
The geologic and hydrologic characteristics of karst aquifers render them more
sensitive and vulnerable to groundwater contamination than other types of aquifers
(White, 1988; Crawford, 1989). Golwer (1983) determined that subsurface purification
processes are affected by physical, chemical, and biological reactions that are a function
of geologic and hydrogeologic conditions. Ford and Williams (1989) state that natural
treatments of water-borne contaminants in karst are ineffective because of the inherent
geologic and hydrologic characteristics of karst aquifers.
The movement of contaminants through a karst aquifer can occur by a variety of
mechanisms depending on the physical and chemical properties of the contaminant
(Vesper, 2001.) Contaminants can easily enter karst aquifers through swallets, sinkholes,
stream sieves, and from open fractures in bedrock. When groundwater is discharged at
the surface as a spring or springs, it joins surface streams and rivers and with it brings
residual contaminants.
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By definition, water soluble compounds are those that are taken into solution.
Water soluble inorganic compounds include ammonia and nitrate, which are derived from
human and animal wastes. Some organic compounds are also water soluble such as
alcohols, carboxylic acids, phenols and agricultural chemicals (Vesper, 2001).
A. Nitrates
Nitrate is a water-soluble molecule made up of nitrogen and oxygen and forms
when nitrogen from ammonia or other sources combines with water. Nitrates occur
naturally in the environment and provide an essential source of nitrogen for plants.
Studies by Hallberg and Keeney (1993) and Panno et al., (2002) have determined the
natural background level of nitrates to range from 1.8 to 2.0 ppm in non-agricultural
areas. Anthropogenic sources of nitrates elevate the overall levels of nitrates in the
natural environment. Because nitrates are soluble, they do not bind to soils and have a
high potential to migrate to groundwater. Since they do not evaporate, nitrates can remain
in water until consumed by plants or other organisms. The U.S. Environmental
Protection Agency standard, Maximum Contaminant Level (MCL) of Nitrogen-Nitrate in
drinking water is 10 ppm/liter (http://www.epa.gov/agriculture/agl01/impactnitrate.html).
Nitrates are water-soluble and are transported with the groundwater. Soil
thickness and distance between the root zone and groundwater determines the
vulnerability of an aquifer to nitrate pollution (Bhumbla, 2004). The closer plants roots
are to the water table, the more readily nitrates enter the groundwater. Nitrate leaching
on fractured rocks like limestone or dolomite can cause extensive contamination of
groundwater. Points of recharge features such as swallets, stream sieves or sinkholes
provide a direct link between the surface-applied nitrogen fertilizers and subsurface
13
water. Areas with a shallow water table and/or karst recharge features are more
vulnerable to nitrate contamination (Bhumbla, 2004.)
The specific sources of anthropogenic nitrate can be determined using isotopic
ratios. Each type of nitrogen source (wastewater or septic discharge, crop field runoff,
animal production facilities) has a narrow range of isotopic ratios that can be used to
identify the process that created it. The stable isotopes of the element nitrogen have
atomic weights of 14 and 15 (Clarke and Fritz, 1997). All nitrogen compounds contain
both isotopes, but because of the different reaction rates of the heavy and light isotopes,
they are incorporated into compounds in differing ratios depending on the pathways by
which the compounds are produced (Kendall, 1998). The process used to fix atmospheric
nitrogen into commercial fertilizer has little isotopic fractionation and the resulting
ammonium and nitrate are similar in isotopic composition to atmospheric nitrogen
(Showers, 1997). However, as nitrogen compounds are passed up the food chain, the
lighter isotopes are excreted and the heavier isotopes are retained. When nitrogen in urea
(as in excreted waste) is hydrolyzed to ammonia and then converted to nitrate, more of
the heavy isotope is concentrated in the resulting nitrates. After various sources of
nitrogen compounds mix in surface runoff or in groundwater, the ratio of light to heavy
nitrogen isotopes in the water can be used to gauge the relative contributions of those
sources. (Showers, 1997)
Since nitrate is a wide-spread source of contamination and has many different
sources in the environment, it is affected by chemical and biological transformation
processes that make tracing the source difficult in a mixed land-use area. Values of
815Nnitrate and 518Onitrate can be used to distinguish between different sources of nitrate
14
(Hanson and Schoonen, 1999). Because of large oxygen isotopic contrast between
nitrates produced in the atmosphere and those produced by microbial processes, oxygen
isotopes in nitrate are useful for identifying nitrate from fertilizer (Hanson and Schoonen
1999) and atmospheric nitrates (Durka, 1994).
B. Bacteria
Bacteria of the coliform variety, which are common in the environment, are
relatively harmless microorganisms that live in the intestines of warm-blooded animals,
and aid in the digestion of food. A specific subgroup of this collection is the fecal
coliform bacteria, the most common member being Escherichia Coli (E. Coli). These
organisms are differentiated from the total coliform group by their ability to grow at
elevated temperatures and are associated only with the fecal material of warm-blooded
animals. There are many types of fecal coliform bacteria, and not all of them cause
disease in humans, but where there are coliform bacteria there may be pathogens
(disease-causing organisms) of concern (Senjem et al., 2002). The presence of fecal
coliform bacteria indicates contamination by human or animal wastes. The U.S.
Environmental Protection Agency standard, Maximum Contaminant Level (MCL) of
fecal coliform bacteria in drinking water is zero. For recreational-type waters it varies
between States. In Iowa it is 200 colonies/ml
(http://www.epa.gov/waterscience/criteria/bacteria/index.html).
The bacteria can enter surface streams and groundwater from domestic or wild
animals, from agricultural and storm runoff that carries animal waste, and from septic
systems that are not operating properly. Other sources of bacteria include cultivated
agriculture, cow and horse on pasture, and poultry production. Presence of fecal coliform
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and fecal streptococcal bacteria directly indicate fecal contamination and the potential for
the presence of other pathogenic organisms in a water supply. (Scott et al, 2002).
The ability to distinguish between human and animal sources of fecal
contamination is an important assessment tool as there is different health risks associated
with human vs. animal sources. It is also important for remediation purposes to be able
to identify the source of the bacteria. Standard microbiologic methods for enumerating
fecal coliform do not determine the source of the bacteria. Ribotyping has been shown to
be an effective tool for bacterial source identification and tracking. Ribotyping analyzes
the DNA that codes for the makeup of ribosomes. These cellular structures vary little
within species so large animal groups such as humans or cows will exhibit E. coli with
different ribosomal patterns (Scott et al., 2002.)
Bacteria and pathogens such as viruses, protozoa, and larger organisms are easily
transported into karst aquifers because of the absence of filtration from the soil.
Pathogens include viruses, bacteria, protozoa, and larger organisms.
C. Pesticides
Pesticides are widely used in agriculture for the control of weeds, fungi, insects,
nematodes and bacteria. The use of pesticides has increased over the last fifty years,
which has resulted in increased crop production and controlled public health hazards
(Larson, 1997). As a result, agricultural practices in the United States rely extensively on
pesticides for crop production. Of the more than 500 million kilograms of pesticides
used annually in the United States, about 20 percent are herbicides applied to field crops
in the Mississippi River Basin (Clark et al, 1999). Although herbicides have many
benefits, they may also produce toxic side effects that may pose a potential hazard to
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human health and the environment. The pesticide most commonly used in the study area
is atrazine.
Atrazine (2-chloro-4-ethylamine-6-isopropylaminio-S-triazine) is a triazine-class
herbicide that has been in use since 1958 as a pre- and post-emergent herbicide to control
broad-leafed weeds in the production of corn and sorghum. Atrazine is absorbed through
the roots of the plant and moves into the leaves and apical meristem where it inhibits
photosynthesis and results in death of the weed via chlorosis (Donnelly, 1993). Corn and
other crops are able to take up atrazine and decompose it enzymatically before herbicidal
effects occur (Wu, 1980). Microbial activity and other chemicals may break down
atrazine in soil and water, particularly in alkaline conditions. The result of this process is
to convert atrazine to its metabolite deethylatrazine (DEA). Sunlight and evaporation do
not reduce the presence of atrazine or its metabolite.
While atrazine is only moderately persistent in the environment, with a half-life of
one to twelve months, appearance of atrazine and its metabolite in surface waters and rain
water raises concern due to its possible health hazards (Bouquard, 1997). The U.S.
Environmental Protection Agency standard, Maximum Contaminant Level (MCL) of
atrazine in drinking water is 3 ppb.
(http://www.epa.gov/waterscience/criteria/humanhealth/atrazine/index.htm). There is no
established minimum level for metabolites.
Herbicides such as atrazine, which are water soluble and mobile, can be
transported in surface runoff from agricultural fields into swallets, stream sieves, and
sinkholes, and ultimately into the local groundwater. If atrazine remains in contact with
the soil, it will be exposed to microbial degradation which results in the formation of its
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metabolite. According to Adams and Thurman (1991) the ratio of atrazine to its
metabolite can be used to determine the mode in which atrazine enters an aquifer.
Study Area
A. Geography
The study area is located within the Corn Belt region of the Upper Midwest, in
northeast Winneshiek County, Iowa and southeast Fillmore County, Minnesota USA.
(Figure 1). The mean annual temperature is 8° C with a record high of 40°C and low of
-44° C (Midwestern Regional Climate Center, 2004. The mean annual precipitation in
the study area is 156mm. The growing season, where constant temperatures are above 0°
C, averages 152 days. (Midwestern Regional Climate Center, 2004).
The Upper Iowa River is the major base-level drainage of the area and flows sixty
km east to its confluence with the Mississippi River. As the Upper Iowa River
approaches the Mississippi River, its gradient becomes steeper and it down-cuts into
gently rolling uplands that are mantled with glacial till and loess. Agricultural land use
predominates in the upland areas and also on the valley floors which are flat and
alluviated. The steep slopes in between the uplands and valleys are forested.
B. Geology
Northeast Iowa and southeast Minnesota are underlain by nearly flat-lying
sedimentary rocks of Lower and Middle Paleozoic age. The strata were deposited in seas
that covered the Hollandale Embayment, a shallow depression located between the
Wisconsin Dome to the northeast and the Transcontinental Arch to the northwest (Figure
2a) (Austin, 1972).
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Figure 1. Location map of study area
The local bedrock consists of Cambrian, Ordovician, and Devonian sandstones,
shales, limestones and dolostones that were deposited in a series of transgressive and
regressive cycles (Figure 2b). The lowermost units are predominantly sandstones with
shale and carbonate beds. These strata grade upward into carbonate sequences containing
subordinate sandstones and shales. The uppermost sedimentary sequences are composed
entirely of carbonates. Locally, the Ordovician-aged Galena Group directly underlies the
land surface and in descending order consists of the Dubuque, Wiselake, Dunleith and the
basal unit of the Decorah Formation. The rock units form the Galena aquifer which, is
one of the major agricultural water sources for most of the region (Hallberg et al., 1983)
and to a lesser degree still serves as a water source for some of the residents of the area
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(Friest, 2003). The upper unit of the Decorah Formation is composed of calcareous shale
which serves as an aquaclude that prevents shallow groundwater from entering the deeper
carbonate aquifers of the region.
C. Geomorphology
The study area is described as a stepped plateau with a dip to the southwest of less
than a degree (Huppert et ai, 1988). As the gradient of the Upper Iowa River increases
on its route to the Mississippi River to the east, it erodes into the carbonate bedrock.
Valleys are deeply incised, and massively bedded dolostones form successive cap rock
layers which reflect the stepped plateau morphology (Huppert et al, 1988). The plateau
displays a well-developed fluvio-karst topography which has formed on the Galena
Group.
D. Soils
Soils, derived mainly from Wisconsin-aged loess and glacial till of Kansan age,
mantle the topography of the study area. (Ruhe, 1969). Soil thickness varies from as
much as 22 meters in the northern part of the study area to less than two meters on
steeper slopes in the south
There are two major soil types that cover most of the area (46%): Fayette and
Downs series. The remainder (44%) of the area is made up of 14 different soil types, but
no type accounts for more than 10%.
The two major soil types consist of very deep, well drained soils formed in loess
and till and are found on convex crests, interfluves and side slopes, uplands and treads
and risers on high stream terraces. Slopes in Fayette soils range from 0 to 60 percent and
those in the Down series have slope ranges from 0 to 25 percent (Kiel, 2004). Both soils
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types are well drained and surface runoff potential is negligible to high depending on
slope. In general, soil slopes range from gentle to steep with thin soils occurring on the
hillsides (Kiel, 2004). Valley bottoms contain thicker soils composed of alluvium and
colluvium. (Soil Conservation Service, 1968).
E. Karst
The study area is located within a well-developed fluvio-karst landscape that has
formed as the result of the evolving interaction between fluvial and karst processes that
are driven by climate. Formations of the Galena Group have a strongly developed system
of joints and fissures that provide the impetus for karst development in the region
(Hallberg, 1983). Sinkholes, swallets, stream sieves, caves, and springs characterize the
fluvio-karst landscape.
Surface waters that originate as precipitation infiltrate the soil cover and interact
with CO2 to form carbonic acid. As the slightly-acidic water enters the carbonate aquifer
through sinkholes, swallets, stream sieves and the well-developed joint system, it is
undersaturated with respect to carbonate and begins the process of dissolution which
results in the formation of a karst landscape. The surface water, which is now
groundwater, solutionally enlarges joints, fissures and bedding planes ultimately forming
conduits that transport the groundwater through the aquifer to springs that discharge it to
the surface at the contact between the Dunleith limestone and Decorah shale of the
Galena Group. The groundwater discharged from the springs, once again becomes
surface water that forms spring runs which flow into the Upper Iowa River.
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F. Epikarst
Epikarst is an important element of karst drainage basins (Williams, 1983) and
based on local observations and preliminary studies, plays a significant role in the study
area. Discharge vs. precipitation documented in an eleven-year study by the Iowa
Department of Natural Resources (Bounk, 1987) within the Coldwater Cave System
noted lag times between precipitation and changes in the underground stream level. Cave
explorers reported that during heavy rain, it can take up to seven hours for a storm event
to affect water levels within the cave system (Nelson, 2001). These indicate that the
downward flow of drainage is restricted during storm events and results in storage of
water within the epikarst zone.
Epikarst flow is concentrated along a few major fissures. These are preferentially
enlarged from the base of the epikarst zone downward and can form "hidden" vertical
shafts (Klimchouk, 1997). The shafts function as drains for the epikarst zone above into
the conduit drainage system below. Epikarst shaft features are common in the Coldwater
Cave System and serve as points of recharge into the karst aquifer.
G. Coldwater Cave System
The Coldwater Cave System (Figure 3) is Iowa's longest cave and is designated
as a National Natural Landmark by the U.S. Department of the Interior, a status given to
geologic and ecologic features considered to be of national significance. The
cave is developed in the Ordovician-aged Dunleith Formation and has been mapped to 28
kilometers in length with survey work in progress (Kambesis, 2003).
Coldwater Cave consists of seven km of main stream passage, nearly two km of
parallel passages, and another 18 km of infeeders. The cave system is dendritic in its
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layout which is indicative of many points of recharge from the surface (Palmer, 1991).
The cave is developed within a subtle carbonate ridge bounded by surface drainages;
some of the side passages cross under these drainages. The Dubuque Formation serves as
the ridge cap rock under which the cave system has formed.
There is only one natural entrance to the cave. Coldwater Spring issues from the
base of a 30-meter-tall bluff located within the Cold Water Creek Conservation Area.
Access to the historic entrance requires SCUBA and the underwater entrance is currently
gated. The output part of the system also consists of two other springs and two paleo
springs which are not humanly enterable. Primary access to the cave is through a 29-
meter shaft (Flatland entrance) that was drilled by the State of Iowa in the early 1970's
for researcher access. A wooden platform was installed at the base of the shaft. The State
also constructed a metal building over the shaft entrance which now serves as a field
house and research station. A second privately owned shaft entrance was drilled in 2003,
and is located approximately two km south of the Flatland entrance.
H. Hydrogeology
The Upper Iowa River Watershed is assigned to the HUC 8 level of watersheds
(#706002) as per the USGS classification of watersheds. The HUC 10 (#70600203)
watershed division defines the Coldwater Creek watershed. At the HUC 12 level
Coldwater Creek watershed is divided into 8 units (#7060020301, #7060020302,
#7060020303, #7060020304, #7060020305, #7060020306, #7060020307,
#7060020308). The HUC 12 units that are included in the study area are #7060020304
(Cold Water Creek) and #7060020307 (Pine Creek) (Figure 4).
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Figure 4. Hydrologic units in the study area
The watersheds are formed on a highly karstified landscape that is drained by the
surface creeks and by conduit flow. The Coldwater Cave groundwater basin was initially
identified in a series of dye traces that were conducted in 1986 (Wheeler et ai, 1986).
The Coldwater Cave groundwater basin underlies the Coldwater Creek and Pine Creek
watersheds. Streams from both of the watersheds lose water to the subterranean drainage
system either via swallets or through stream sieves. During precipitation events or freeze-
thaw events, sinkholes in the study area also contribute recharge to the groundwater
basin.
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The subterranean stream comes to the surface via two spring outlets and an
overflow spring. The main spring resurgences are Coldwater Cave Spring which has a
discharge rate of 548 liters/second during base flow conditions (Koch and Case, 1974)
and Carolan Spring with a discharge of 160 liters/second. Both springs form spring-runs
that flow to the Upper Iowa River located a kilometer to the southeast.
I. Water Quality
Eckblad (2000) reviewed water quality sampling results in the Upper Iowa River
basin conducted over the past 25 years and noted that high sediment transport and
increasing nitrates were issues of concern within the basin. Water sampling that was
conducted by the USGS near the mouth of the Upper Iowa River between 1995 and 1998,
when compared with earlier sampling data suggested a 38% increase in the mean
Nitrate+Nitrogen levels, over the 25-year period (UIRWP Report, 2004). The same
trend of increase in nitrate levels has been seen in the wells in Decorah, Iowa, the largest
town in the watershed. Decorah has seen a significant increase in the past 15 to 20 years
in nitrates detected in its municipal wells (UIRWP Report, 2004). It was observed that
most nutrients reached maximum levels during periods of high flow. (McMullen, 1972;
Eckblad, 2000).
In the late 1990's the Northeast Iowa Resource Conservation and Development
group began to delineate those sub-basins of the Upper Iowa River with the most
impaired water quality and were able to identify sub-basins that needed to be studied.
(Eckblad, 2000). The Cold Water Creek and Pine Creek sub-basins were among those
considered to be impaired based on statistical analysis of data from water sampling both
during base flow conditions and storm events. (Friest, 2003).
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Water quality in the study area was tested in 1973-74 (Koch and Case, 1974) and
1986-87 (Wheeler et a/., 1988). The combined results of both studies suggested that
chemicals used in agriculture that were making their way into the groundwater system
could be increasing in concentration over time. However, Koch and Case (1974) noted
that the amount and frequency of precipitation and the associated runoff affected the
concentration of chemicals within the groundwater in the study area. The water sampling
conducted in 1973-74 was during a period of average precipitation with a small absolute
departure from average. The precipitation during the 1986-87 sampling period was much
higher than average with a very large absolute departure from average. The fieldwork
from the current study was conducted in 2001-2003 during extremely low base level
conditions.
Huppert et al. (1988) suggested the possibility that the increase in chemical
concentrations in the groundwater system noted between the 1973- and 1974 and 1986
and 1987 studies may be a result of the amount and frequency of precipitation rather than
in an actual increase in chemical concentrations in the system over time. Both studies
imply that there are complex interactions between contaminant inputs, seasonal
precipitation patterns, and storm and freeze-thaw events.
J. Land Use
Land use in the Upper Iowa River Watershed is predominantly agricultural in
nature. Corn (22%) and soybeans (19%) are the most commonly grown crops (UIRW
Report, 2004). Grassland and forest cover occupy 35% and 19% of the watershed
respectively. Nearly level to gently sloping areas of the watershed are cultivated, with
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corn, soybeans, small grains, and legume hays. Steeper slopes are pastured, wooded or
both wooded and pastured (Kiel, 2004).
The 2002 National Agricultural Statistics Service survey and GIS analysis
conducted by the Upper Iowa River Waterways Project in estimated that livestock farms
in the watershed had approximately 97,000 cattle, 180,000 hogs and 3,100 sheep. The
majority of livestock producers in the Upper Iowa River watershed have livestock head
counts below 300 animal units which exclude them from the requirements of the State of
Iowa's Confined Animal Feeding Operation Rules (2004). Most operations do not have
waste storage, and common practice is to scrape and haul manure to the field throughout
the year (UIRWP Report 2004).
According to the Winneshiek County sanitarian (UIRWP Report, 2004) there are
120 homesteads which use private onsite wastewater systems and approximately 30% are
not effective in treating water.
Chapter II. Methods
Field methods utilized in this study included inventories of surface, karst
hydrogeologic and in-cave features. Cave stream temperature monitoring and dye traces
determined the relationship between surface and subsurface streams. Dye tracing also
identified hydrologic flow paths and flow rate. Hydrograph analysis showed aquifer
response to recharge events. Water quality analysis measured the types and
concentrations of contaminants in the ground water. Contaminant source and land use
analysis were used to determine the sources of nitrates and bacteria. Climate data
provided the context for ground water basin response.
Hydrogeologic Feature Inventories
A. Surface Hydrogeologic Features Inventory:
A field inventory of ephemeral and perennial streams was conducted during dry
and wet conditions. The seasonal surface water flow was recorded on topographic base
maps. This information was used to generate shape files that showed base level and
storm-event flow paths of surface streams.
1. Valley Cross Sections
A series of valley cross sections were generated from digital elevation models
using MicroDEM software (Gluth, 2004) Values for the thickness of quaternary
sediments over bedrock were determined from a quaternary isopach shapefile
(http://www.igsb.uiowa.edu/nrgislibx). The thickness values were added to the stream
profiles. Three valley cross sections were produced to illustrate depth of surface to
bedrock and thickness of quaternary sediments.
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B. Hydrogeologic Feature Inventory
Landowner permission was obtained for all fieldwork conducted on private
property. Features that were identified included springs, seeps, swallets, stream sieves,
sinkholes, and caves. All features were documented using a hand-held GPS unit (Garmin
GPS III+).
A hydrogeologic feature inventory was conducted in order to locate sites where
surface water was recharging the karst aquifer and to find points of discharge. The
inventory information was used to locate dye injection sites, monitoring locations for dye
traces, and water sampling sites for water quality testing.
To assure that all major springs were active during the inventory, the survey of
springs was done at moderate and high flow conditions. The springs inventory was
conducted by canoeing the Upper Iowa River from the Daisy Valley put-in in Minnesota
to Bluffton, Iowa and by hiking all of the area surface streams and wetlands, driving all
of the county roads, and walking as much of the land surface of the area as possible. Area
landowners were interviewed to determine if their land contained karst features.
Other karst feature information was gleaned from USGS 1:24000 topographic
maps including Bluffton and CrescoNE quadrangles for Iowa, and Harmony and Canton
quadrangles for Minnesota, (http://www.igsb.uiowa.edu/nrgislibx/), from digital
orthoquadrangles (DOQs) (http://www.igsb.uiowa.edu/nrgislibx/), from the Iowa Grotto
Cave Survey files (unpublished reports), from the Iowa Cooperative Soil Survey (ICSS)
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(http://www.igsb.uiowa.edu/nrgislibx/), and from the Minnesota Geological Survey
Karst Database (http://www.geo.umn.edu/mgs/indx.html).
The springs were plotted on a quaternary sediments shapefile
(http://www.igsb.uiowa.edu/nrgislibx) to determine if there was a relationship between
the limits of the surface deposits and the locations of springs.
A base map was compiled in geographical information system format using
ArcGIS software. The data from the inventory were entered into an Access database and
added to the GIS base map. The inventory from the fieldwork was integrated with
sinkhole and karst inventories that were conducted by the Iowa Department of Natural
Resources (unpublished report), Northeast Iowa Resource Conservation and
Development Office (http://www.northeastiowarcd.org/uirw/publications.htm), and the
Minnesota Geological Survey Karst Database (http://www.geo.umn.edu/mgs/indx.html).
C. In-cave Hydrogeologic Feature Inventory
A review of all of the existing survey notes of the Coldwater Cave System
(Coldwater Cave Project 2005) was done in order to locate subterranean drainage divides,
active in-feeders, water filled passages (sumps), and sites of groundwater input such as
epikarst shafts/domes and perennial waterfalls. In-cave reconnaissance helped identify
potential dye injection and monitoring sites. The in-cave hydrogeologic feature locations
were entered into an Access database and added to the GIS base map.
A line plot of the cave was generated using Compass data reduction/plotting
program (Fish, 2002). Georeference data were added to the Compass map project file; the
line plot was exported as a shapefile, and was added to the study area base map.
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Inventory data were exported from the Access database and made into a series of
shapefiles which were added to the GIS map.
Dye Tracing
Before dye tracing was started, an application-for-variance had to be submitted to
the Iowa Department of Natural Resources. The application to conduct a research dye-
tracing program in support of thesis work was approved in March 2002.
Qualitative dye tracing methods were used to establish the extent and boundaries
of the Coldwater Cave groundwater basin, to identify the underground flow routes within
the groundwater basin, and to locate associated resurgence points. Quantitative dye
tracing methods were used to determined travel time of groundwater from a stream sieve
at the surface, to a monitoring site at the base of the Flatland entrance of the cave system.
A. Dye Injection and Monitoring Sites
Based on the results of the surface stream, karst hydrogeologic feature, and in-
cave feature inventories, sites were selected for dye injection, and dye monitoring (Figure
5). Eight locations were used for dye injection and twenty-three sites for monitoring of
dye. Thirteen of the monitoring sites were located within Coldwater Cave. Of the surface
dye monitoring sites, six were at springs, one site was located at a bridge on East Pine
Creek, and four sites were on the Upper Iowa River.
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B. Fluorescent Dyes
Three fluorescent dyes were used for this study. They included:
Dye Color Index Name
Eosine Acid Red 97
Fluorescein Acid Yellow 73
Rhodamine WT Acid Red 52
The amount of dye used for each trace was determined by the distance that the dye
needed to traverse in order to reach the Upper Iowa River and by water level conditions.
Dye injection sites are shown in Figure 5.
C. Passive Receptors
In order to establish dye background levels and to determine if dye had passed
through a monitoring site, passive dye receptors were used. The dye receptors were made
up of five grams of activated coconut charcoal. The charcoal was enclosed in a five by
five cm square packet of fiberglass mesh that was folded and secured with staples on
three sides. A plastic-coated paperclip was attached to one end of the receptor and
filament line attached to the paperclip. Dye receptors were secured with the filament line
to rocks or other natural features at the aboveground monitoring sites. In the cave,
receptors were tied to 1.3kg- vinyl-coated weights. These were further secured to mud
banks with tent stakes.
At the beginning of the dye-tracing project before any dye was injected, dye
receptors were placed at each of the monitoring sites for two weeks in order to establish
background levels of dye.
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D. Qualitative and Quantitative Dye Traces
A total of nine qualitative dye traces were conducted in order to delineate the
groundwater basin boundaries, and one quantitative test was done to establish
groundwater flow rates. Multiple traces that were conducted during the same time period
utilized different dyes.
During dye trace tests, receptors were collected and replaced with new ones every
ten to fourteen days. A trace was considered complete when dye was no longer detected
above background levels.
In order to determine flow rate, one quantitative trace was conducted. Because
cave stream water levels were so low (10mm compared to the mean level of 17mm)
sampling began five hours after dye injection. Water samples were collected every thirty
minutes for a period of thirty-six hours. One of three original test holes drilled when the
Flatland entrance was constructed, was used to collect water samples. The test hole,
which is fifteen cm in diameter and twenty nine-meters deep, is located in the field house
next to the Flatland entrance to the Coldwater Cave System. The test hole sits directly
above an underground stilling well and staff gauge, which is located adjacent to a
wooden platform. A small, cylindrical PVC container was installed at the end of a nylon
cord (Figure 6a).
At sampling time, the container was manually lowered down the test hole until it
reached the underground stream. Once the container touched bottom, it tipped over
sideways and water flowed into it. After a few minutes it was reeled up and water was
poured into a glass vial and capped. The vial was given a sequence number and date/time
36
labeled. The vials were kept refrigerated for the duration of the collection period. A total
of 72 samples were collected.
E. Dye Trace Analysis
Once the dye receptors were collected from each monitoring site, they were sent
to the Mammoth Cave Water Quality Laboratory at Mammoth Cave National Park,
Kentucky.
The 72 samples from the quantitative trace were analyzed by the Center for Cave
and Karst Studies laboratory at Western Kentucky University.
Water Quality and Water Chemistry Sampling
Water quality/chemistry fieldwork involved collecting water samples monthly, for
a seventeen-month period (August 2002 - December 2003), at Coldwater Spring and
from Carolan Spring, both, which drain the Coldwater Cave. Pesticide sampling was
conducted monthly, for twelve months (January 2003 - December 2003). Field
parameters measured included pH, specific conductivity and temperature. Bicarbonate
titrations were conducted on samples from Carolan Spring and Coldwater Spring.
Laboratory analysis for Coldwater Spring and Carolan Spring measured the
concentrations of ions (in mg/1), pesticides (in jil) and bacteria (in colonies/100 ml).
Water sampling data collected by the Upper Iowa River Project and for a microbial
source-tracking project by the University of Iowa Hygienic Laboratory were also used to
augment that data in for this study.
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A. Cation and Anion sampling
Samples were collected monthly for analysis of anions (chloride, nitrate,
phosphate, and sulfate) and cations (sodium, ammonium, potassium, magnesium,
calcium). Water was collected from each spring site in one-liter plastic sample bottles.
The water was manually pumped and filtered into 250ml plastic sample bottles. For
anion samples, the sample bottle also contained 200 microliters of sulfuric acid. The
sample bottle for cations contained 750 microliters of nitric acid. Both acids served as a
fixative for each respective sample. The cation and anion samples were refrigerated and
either hand delivered or shipped on ice by Federal Express to the Mammoth Cave Water
Quality Laboratory where they were analyzed on a Dionex ion chromatograph.
B. Pesticide Sampling
Water samples were collected for pesticide and metabolite analysis. Pesticides
tested included atrazine, acetochlor, alachlor, and cyanazine. Metabolites tested included
deisopropylatrizine, deethyaltrazine, metribuzin, metolachlor
At each spring, two one-liter bottles were filled with water. They were shipped
to the USDA ARS Laboratory in Columbia, Missouri. Samples were collected for ten
months. For the remaining two months, spring water was collected in twenty ml amber
glass bottles. Analysis was done using the immunoassay assay method at the Hoffman
Environmental Research Institute laboratory.
C. Bacteria Sampling
A limited amount of sampling was done for bacteria. At each spring, water was
collected in sterile 250ml plastic bottles, which contained sodium thiosulfate in case
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water samples are chlorinated. The samples were transported to the Iowa Hygienic
Laboratory in Iowa City, Iowa, within six hours after they were collected.
The University of Iowa Hygienic Laboratory conducted a concurrent microbial source-
tracking project. They conducted weekly sampling for bacteria at this researcher's
monitoring site at Coldwater Creek for a period of one year. Sampling results were
provided in support of the research conducted for this thesis.
D. Water Chemistry
Water chemistry parameters that were measured at Carolan and Coldwater Spring
and other locations included:
• Specific conductivity (Oakton Hand-held conductivity meter), which measures
the electrical conductivity of the water and is related to the concentration of ions
in solution.
• pH which is a measure of hydrogen ion activity, (Oakton pH meter calibrated
with Oakton -pH calibration packets -4.01, 7, and 10)
• Temperature of the spring water. (Ex Tech digital thermometer)
• Measurement of bicarbonate (HCO3) via field titration
E. Nitrate Source Analysis
One set of samples (one-liter plastic bottle each) was collected and filtered from
Coldwater and Carolan Springs for the purpose of nitrogen isotope analysis in order to
determine the source of nitrates in the study area. The samples were shipped via Federal
Express to the Illinois State Geological Survey Isotope Chemistry laboratory for analysis.
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F. Ribotyping
The University of Iowa Hygienic Laboratory (UIHL) conducted a project to
identify bacteria source in the Upper Iowa River watershed. The project utilized
ribotyping to determine the source of bacteria in the area. They used this researcher's
sampling location near Coldwater Spring and provided data on the sources of bacteria
within the basin for this study. (Skopec et al., 2004)
UIHL compiled a library of ribotyping patterns based on E. coli isolates that were
collected from the study area. A five-group index was initially developed (cattle, human,
deer, geese and swine). However, due to the low number of isolates from deer, geese and
swine, the group number was lowered to 3 (cattle, humans, other animals). The three-
index group was used to compare genetic material extracted from water samples from the
study area. Water samples for ribotyping analysis were collected from July 2002 through
July 2003.
Cave Stream Temperature Monitoring
The temporal variations in cave water temperature have implications with respect
to speed of transport of agricultural contaminants within the study area. In 2003,
temperature data loggers were installed at five in-cave sites and at one of the springs that
drain the Coldwater Cave System. (Figure 6a). Additional data loggers were added in
2004. Data from loggers were downloaded every other month except for those in remote
locations that were downloaded quarterly. Onset-Brand Optic Stowaway temperature
data loggers (32K) (Figure 6b) were anchored with 1.3-kg plastic-coated weights and
installed at the six locations. The sampling interval was set at ten minutes. An Onset-
Brand optical shuttle was used to download data. The data were uploaded into the
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Figure 6a. Temperature data logger locations
Figure 6b. Onset data logger at in-cave site
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Boxcar brand software package that comes with the Onset temperature loggers. Data
were exported to Sigmaplot (2004, Systat, Inc.) to produce all graphs.
In 2004, Knox College (Galesburg, Illinois) installed a Solonist stage and
temperature logger at the bottom of the entrance shaft. Temperature and stage data are
collected at a ten-minute sampling interval to match the interval used at other monitoring
sites within the cave. The Onset temperature logger was moved to Coldwater Cave
spring.
Climate Data and Recharge Events
Precipitation data were obtained from the Minnesota Climatology Working Group
web page (http://climate.umn.edu/doc/historical.htm 2006). Precipitation data originated
from the Harmony, Minnesota weather station that is located at the northern edge of the
study area. Precipitation is recorded daily from rain gauges located on-site.
Daily maximum and minimum surface temperature data were also obtained from
the Minnesota Climatology Working Group website. Daily temperatures are measured in
Preston, Minnesota using a minimum/maximum thermometer and documented by
observation volunteers.
The climate data were used in conjunction with stream discharge data to
determine the timing of recharge events, to relate precipitation and surface temperatures
to spring discharge and, to correlate surface temperature to subsurface stream water
temperatures. For this study, recharge events are defined as climatic conditions that cause
an increase in cave stream discharge. Such events include rainfall that occurred within
four days of the sampling day (precipitation events), and/or increases in winter surface
temperatures to above freezing within four days of the sampling day (freeze-thaw events)
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Hydrograph Analysis
In 1980, the Iowa Department of Natural Resources, Geology Division, installed a
stream level recorder over one of the test holes located in the field house at the Flatland
entrance to Coldwater Cave. In the cave, directly below the test hole, a segment of
galvanized duct was anchored in the streambed with concrete blocks to serve as a stilling
well (Bounk, 1987). A staff gauge was attached to the stilling well. In 1984 the device
was replaced with a newer model. Stream level data were continuously measured from
1980 through 1991 and the data recorded on graph paper. The hard copy stream level
data was made available for this thesis research.
Precipitation data for 1948 through 2003 were used to determine which years
between 1980 and 1991 displayed low, median, and higher-than-average precipitation
values. Once low, median and high precipitation years were determined, maximum and
minimum temperature data for the months of February through April of those years were
used to identify freeze-thaw events for those years.
In order to generate hydrograph curves for discharge in a digital format, the hard-
copy stage data were scanned and a digitizing program (Grab It X, 2001) was used to
digitize the scans. The x and y coordinates for the maxima and minima relative to the
stage graph were digitally referenced on the plot. As the scanned stage plot was
digitized, a series of x-y coordinates (time vs. stage) were generated by the software
program. These were exported to Sigmaplot (2004, Systat, Inc) and produced a digital
stage dataset.
In 2004, Knox College installed a Solinst Barologger and Levelogger to measure
stage at the entrance platform. A temperature data logger was also installed in
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conjunction with the stage measuring devices. Stage and temperature data were
downloaded on a monthly basis and provided for this thesis research.
In order to construct a rating curve for determining discharge for any stage value,
the stream cross section at the stilling well site was divided into 10 sections and the
length, width and water depth at each section was measured. Water velocity was
recorded within each section and discharge was calculated for each section by the
following equation:
(1) Q = ( W x D ) x V
Q= discharge in m3/sec, W= width of section in meters, D= water depth of section in
meters, V=water velocity moving through the section in meters2/sec.
The discharge values for all ten units were added together to give the total
discharge at each specific stage as measured at the monitoring site. Stage and discharge
were also measured at the spring and correlated with the stage data at the entrance
platform. Stage and discharge were also measured at a small footbridge above the spring
run for Carolan Spring. The discharge and stage data from Coldwater Spring were
converted to a rating curve by the following equation:
(2) Q = yo + a*x
where Q= discharge
yo = -.2315 a = 2.6433 (yo and a are constants from the linear regression)
x =stage.
Digital hydro graphs for Coldwater Spring for 2001, 2002 and 2003 were
generated in Sigmaplot using the digital stage data from Coldwater Spring for the x value
and Equation 2.
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Land Use Analysis
Land use for the study area was determined by using existing land cover raster
maps that were available from the Iowa Department of Natural Resources GIS Library
(http://www.igsb.uiowa.edu/nrgislibx/). Raster images were clipped to isolate the study
area and the raster was converted to polygons. The result was a shape file, which
included all of the polygons with Anderson Level 3 land use (Anderson et at, 1976)
listed in the GIS attribute table. A hard copy of the 1996 aerial photographs of the area
was used to ground-truth the land cover map. This was accomplished by visiting all
parcels of land via either county roads or trails. Once the land use for a parcel of land was
determined or confirmed, it was noted on the hard copy land use base map and then
compared to the land use shapefile.
Analysis on land use polygons included determining the area of each polygon and
summing each specific land use polygon to determine percentage of land use for each of
the Anderson level classifications.
Chapter III. Results
Hydrogeologic Feature Inventories
The surface hydrogeologic inventory showed that the study area encompasses two
adjacent surface stream catchments; the Cold Water Creek and Pine Creek watersheds.
The Root River drainage divide, located just south of the towns of Harmony and Canton,
Minnesota, is the northern limit of both surface watersheds and the study area. The
Upper Iowa River defines the southern boundary of the study area. To the west the Cold
Water Creek watershed shares a boundary with the Bigalks watershed. To the east, Pine
Creek watershed lies adjacent to the Casey Creek Watershed. A series of eleven springs
were documented to be the main sources of recharge for surface streams during base flow
conditions.
A. Cold Water Creek Watershed
The Cold Water Creek watershed has two sub-tributaries, which includes a
western component (Elliot Creek) and an eastern component (Deer Creek.) Beyond the
confluence of the tributaries, the drainage is known as Cold Water Creek. During base
flow conditions both creeks are recharged by diffuse flow springs with perennial flow
which discharge at the edge of a perched, glacial till/loess aquifer.
At 3.5 "stream kilometers" (total traverse of the stream channel) from its spring
source, Elliott Creek flows into a swallet and the surface channel of the creek remains dry
during base flow conditions. During heavy storm events, runoff from the land surface
fills the creek to bankfull stage and the swallet cannot take all of the water. As a
consequence, Elliott Creek has intermittent surface flow from its headwaters to the
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confluence with Deer Creek and ultimately to the Upper Iowa River. After a storm event,
surface runoff dissipates and the swallet can again accommodate the entire flow of the
creek.
At base flow, four stream kilometers from its spring source, Deer Creek becomes
a stream sieve and looses water to the subsurface over the course of two stream
kilometers until all surface flow is gone. For the next 6 stream kilometers, the surface
channel is dry. Just beyond that point a series of small surface springs recharge the
stream channel, which flows for a kilometer before completely sinking again. Less than a
kilometer south, Coldwater Cave Spring, Coldwater Rise and Carolan Spring recharge
the Cold Water Creek surface channel which flows to the confluence with the Upper
Iowa River.
Figure 7 shows the Coldwater Creek watershed in base level and Figure 8 shows
the watershed during high flow conditions.
B. Pine Creek Watershed
Pine Creek has two major sub-tributaries: Pine Creek Proper and East Pine
Creek. The headwaters of Pine Creek Proper and East Pine Creek are recharged by
diffuse flow springs that drain a perched glacial till/loess aquifer similar to the one that
recharges Cold Water Creek. During base flow, Pine Creek Proper serves as a surface
stream for the first 5.5 stream kilometers of its channel. Beyond that it begins to function
as a stream sieve and for the next 6.5 stream kilometers continues to flow on the surface
but loses water to the subsurface. At seven stream kilometers from its spring sources,
Pine Creek has lost all of its water to the subsurface. During storm events, Pine Creek
maintains surface flow to its confluence with East Pine Creek located 1.5 stream
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kilometers to the south. The combined waters of Pine and East Pine Creek flow another
8.5 stream kilometers to join the Upper Iowa River.
East Pine Creek is recharged by a series of springs in its northern reaches and
flows 6.5 stream kilometers on the surface. It then becomes a stream sieve until its
confluence with Pine Creek Proper one stream kilometer to the southwest. Just beyond
the confluence, a series of three-conduit flow springs (Hoppin Spring, Marlow Spring and
Rimstone River Cave Spring) recharge East Pine Creek and it maintains surface flow to
the Upper Iowa River.
Figure 7 shows base level and Figure 8 and storm event flow for the Cold Water
Creek and Pine Creek watersheds.
C. Local Perched Aquifer
Figure 9 shows the locations of diffuse flow springs that recharge Cold Water and
Pine Creeks. The spring locations overlay an isopach map of Quaternary sediments.
Based on the isopach map and water well log data, the sediments are thickest in the
northern part of the study area and thin towards the southwest. The diffuse flow springs
discharge at or close to the edge of the quaternary deposits. Springs maintain a constant
water temperature, pH and conductivity and their discharge is not flashy which indicates
that they may be draining a local perched aquifer. Dye tracing was not attempted on the
perched aquifer because it was beyond the scope of this study. The perched aquifer
is important because its springs recharge all of the surface creeks in the study area during
base flow conditions.
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Figure 9. Location of diffuse flow springs, thickness of quaternary sediments, and base
level stream flow in the study area
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D. Valley Cross-sections and Sediment Cover
Cold Water Creek loses all of its water to the subsurface fairly quickly while Pine
Creek maintains surface flow for most of its course. Figure 10 shows a series of three
cross sections that cut through Pine Creek and Cold Water Creek along with quaternary
sediment thickness based on well log data and an isopach map. The well log data
indicate that quaternary sediment cover thins from northeast to southwest along the
profile lines. The streams to the southwest (Cold Water Creek) flow on a thinner or non-
existent layer of sediments, which allow the stream to come in direct contact with the
carbonate bedrock. The stream water can easily access the highly fractured bedrock of
the study area.
The creeks that flow on sediment cover that is greater than eight meters flow on
the surface. The sediment cover may armor the streambed and greatly reduce the ability
of the stream water to interact with the carbonate bedrock. As the sediment cover thins,
the creeks begin to lose water while still maintaining surface flow.
Quaternary
Sediments
Vertical
Exaggeration: 15
Cold Water Creek Pine Creek
in
A1
'WV1'bB.UI4' nein
n
Cold Water Creek
\ /
\ j
O.ZS 0.5 'D.7G 1 '1.25
— • "
'1.5 '1,75 '2 2.2
Pine Creek ..
5 '2.5 'Z.7C 3 "3,20 "3.0 3.75 '1km
170
Still
I4U
tin
B1 B
Cold Water Creek Pine Creek
3/b
m
c
Figure 10. . Valley cross sections through Coldwater and Pine Creeks
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Karst feature inventory
A. Springs
A total of 17 springs were recorded in the study area. There may be others, which
were difficult to locate because of the agricultural development of the area. Six of the
springs display conduit flow and eleven are diffuse flow. The conduit flow springs
responded to storm events within hours. Depending on season and precipitation, they
showed wide variations in water temperature, stage height and in conductivity and pH.
Diffuse flow springs were not flashy i.e. did not display significant variations in
discharge, water temperature, or chemistry.
B. Swallets and Stream Sieves
A total of six swallets were documented in the study area. Since swallets can
form within active stream channels it is probable that there are more in the study area that
are undocumented because they are underwater.
There are four major perennial streams in the study area including Deer Creek,
Elliot Creek, Pine Creek and East Pine Creek. All of the surface streams in the study area
can function as stream sieves depending on amount of precipitation and season. Cold
Water Creek is the major ephemeral stream in the study area.
Figure 11 displays the swallets, perennial and ephemeral streams, and stream
sieves in the study area during base flow conditions.
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Figure 11. Karst feature inventory
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C. Sinkholes
Sinkhole data were compiled from the Minnesota Geological Survey Karst
database, the Iowa Department of Natural Resources Sinkhole layer and from fieldwork.
Figure 12 displays the documented sinkholes in the study area. Sinkhole density in the
study area varies from a high of 50 per square kilometer at the northern part of the study
area to one to two per square kilometer in the south. The sinkholes in the north are part
of a greater sinkhole plain that extends from southeast Minnesota into northeast Iowa.
The sinkholes can reach up to thirty meters in diameter and twenty meters in depth.
These series of sinkholes are related to the Root River Watershed.
To the south of Highway 52 the sinkholes tend to average one to fifteen meters in
diameter with depths of up to fifteen meters. In general, the area sinkholes tend to be
concentrated on flat-topped hills located between or adjacent to stream valleys. These
sinkholes are related to the Upper Iowa River Watershed.
In-cave Hydrologic Feature Inventory
The in- cave hydrologic feature inventory is shown in Figure 13. The Coldwater
Cave System is the most significant cave in the area and is a major conduit for
groundwater flow. There are a few small caves in the study area but they do not
contribute significantly to recharging the groundwater system.
A. Epikarst Domes
The review of cave survey notes for in-cave hydrologic features revealed that 102
epikarst shafts have been documented (Figure 13). The shafts function as headwaters
that drain the epikarst zone above into the conduit drainage system below. Because the
shafts are discovered and explored from within the cave system, they will be referred to
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Figure 13. In-cave feature inventory: epikarst domes and drainage divides
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from here on as epikarst domes. Epikarst domes ranged in floor diameter from one to ten
meters and could reach heights of 20 meters or more. Some epikarst domes display upper
level passage development that can extend for up to 120 meters laterally (Lace 2006).
All of the domes display solutional wall features such as flutes and rills. Some also
contain depositional features such as speleothems and flowstone coatings.
Three of the epikarst domes contain perennial waterfalls. Thunderdome recharges
the Upstream loop in the northeast section of the cave. Landmark Falls provides recharge
into the northern area of the cave system. Grappling Falls Dome recharges the eastern
section of the cave.
The epikarst domes recharge the cave system during base flow conditions, in
storm events, and during snowmelt. When base flow is at its lowest, the domes contribute
diminished recharge into the main conduit system. As recharge levels increase, more
waterfalls become active.
B. Subterranean Drainage Divides
There are four areas within the cave where streams bifurcate and appear to drain
separate areas. Drainage divides were identified based on dye tracing and on direct
observation (Figure 13). At Divide One located in the northernmost reaches of the cave
system, a stream bifurcates approximately 100 meters from the main conduit. One arm of
the cave stream flows south/southwest into passages that are two small to humanly
traverse, and the other arm flows to the east/southeast into the main conduit.
Another bifurcation in flow was observed in several of the side passages in the
Cascade Creek area of the cave. Stream flow bifurcates in these areas with one branch
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flowing south in a tributary that parallels the main conduit and the second flows
southwest into the main conduit. A third bifurcation is event driven and is located
in Sand Canyon in the extreme downstream section of the cave. Sand Canyon usually
drains west into the mainstream conduit but during storm events or freeze-thaw events
when water levels rise, the stream bifurcates and flows west into the mainstream passage
and to the east away from the main conduit. The east and southeast flowing stream
bifurcations are related to the conduits on the east side of the cave, which drain to
Carolan Spring. The west and southwest flowing streams all drain to Coldwater Spring.
Divide #2 is located in the Monument Passage. This passage is one of only two
passages that have significant development due west of the mainstream conduit in the
downstream portion of the cave. Perennial epikarst flow is minimal and flows away from
the main conduit and to the south/southwest during base flow. In flood events the
mainstream passage can back flood into the Monument Passage. The back-flooded water
will flow into a small conduit that trends south-southwest. The destination of the water
flow is currently unknown (Lace 2006). The Monument Passage may be part of an older
conduit complex that includes the Cascade-Wellpipe area passages that have intersected
the currently active conduit.
Dye Trace Results
A total often dye traces were conducted from July 2002 through August of 2003.
Dye was injected into swallets that were actively taking water or into stream sieves.
Table 1 summarizes the details and results of the traces. Hydrograph analysis of the
Coldwater Cave stream shows that the conduit responds to rain events within two to four
hours of its occurrence. Peak flow occurs within seven hours and then there is a gradual
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recession of the curve over the next several days. As a consequence rain events that
happened between two days before the trace and the time that dye receptors were
collected, would affect the movement of dye through the system. This was taken under
consideration when reporting the results of each trace.
A. Northwest and West Side of Study Area (Traces #1, #3, #4, and #5)
Trace #1, #3, #4 and #5 were qualitative tests to determine the western limits of
the groundwater basin (Figure 14). For trace #1, dye was injected in a swallet in Elliott
Creek and was detected only from receptors downstream of the Kendalville Bridge on the
Upper Iowa River. Since dye was not detected at the Kendalville Bridge, but was
detected from the receptor located at the next downstream bridge (UIR-Bridge 2), this
indicated that a spring might have been overlooked on the initial spring inventory.
A canoe trip down the Upper Iowa River between the two bridges confirmed the
existence of another spring (Serendipity Spring).
Trace #3 was injected at a stream sieve located in the southern reaches of Cold
Water Creek and detected at a receptor downstream of the confluence of Cold Water
Creek and the Upper Iowa River. However, dye was not detected at Coldwater Spring or
in any receptors upstream of the spring. After dye tracing was completed, a rise pool was
located 400 meters west of Coldwater Cave Spring. It is likely that dye from trace #3
discharged from the rise pool flowed past Cold Water Spring and into the Upper Iowa
River.
Trace #4 was injected at the swallet in Elliott Creek and detected at Serendipity
Spring and at Coldwater Spring. A precipitation event occurred within hours after dye
injection for Trace #4.
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Trace#
1-Ql-E
2-Q1-
R
3-Q1-
R
4-Ql-F
5-Q1-
R
6-Ql-F
7-Q1-
R
8-Q2-E
9-Q1-
R
10-Q1-
F
Injection
Location &
feature
Elliott Creek -
Sw
East Pine-S;-
Ss
Coldwater
Creek-S;-Ss
Elliott Creek -
Sw
Coldwater
Creek-S -Ss
In-cave trace-
Pine Creek-
N;-Ss
Deer Creek-
Ss
East Pine
Creek-N-Ss )
Pine Creek
N;-Ss
Injection
dates
7/21/02
7/21/02
7/21/02
8/21/02
8/21/02
3/16/03
3/23/03
5/16/03
8/16/03
8/17/03
Receptor
retrieval
7/28/02
7/28/02
7/28/02
8/30/02
8/30/02
3/23/03
4/08/03
5/16-
18/03
8/24/03
8/19/03-
8/27/03
Receptor locations
Cw, Ca, Ho, Ri, Ho, UIR1,
UIR2, UIR3, UIR4
Cw, Ca, Ho, Ri, Ho, UIR1,
UIR2, UIR3, UIR4
Cw, Ca, Ho, Ri, Ho, UIR1,
UIR2, UIR3, UIR4
Cw, Ca, Se, Ho, Ma, Ri,
UIR3
Se, Cw, CA, Ho, Ri
C7, C9, C10, C11,C12, C13,
Cw, Ca, Ho, Ma, Ri, UIR3
Cw, Ca, Ma, Ho, Se, Ri, Cl-
11,UIR3
Cw, Ca, Cl-11
Cw, Ca, Ho, Ma,Ri
Cw, Ca, Cl-Cll
Positive Detects
UIR2, UIR3, UIR4
Ho, EPC, UIR3,
UIR4
UIR2, UIR3, UIR4
Se, UIR2, UIR3,
UIR4
Se, Cw
C9,C1O,C11,C12,
C13, Cw, Ca
Cw, Ca, Cll,13
Cw, Ca, Cl-11
Ho, Ma, EPC
Cw, Ca,Cl-C7
Type of Trace: Ql=Qualitative trace Q2=Quantitative Trace Injection site: Sw=Swallet
Ss=Stream sieve
Dye: F=Fluoroscein E= Eosine R=Rhodamine WT
Receptor Sites:
Springs: Cw= Coldwater Spring, Ca=Carolan Spring, Ma=Marlow Spring, Ho=Hoppin Spring,
Se=Serendipity Spring, Ri=Rimstone River Spring
In-cave :Cl=Spong siphon; C2=Waterfall Passage, C3=Petes Pipe, C4=North Snake, C5=Flatland Shaft,
C6=Guardian Fang, C7=Cascade Passage, C8=Tobaggan Run, C9=Brothers Grimm, C10= Beaver
Boneyard, Cl l=Sand Canyon, C12=Sinus Passage, C13=First Right Hand Side
Upper Iowa River: UIRl=Kendalville Bridge, UIR2=Upper Iowa River-Sec35, UIR3-Chimney Rocks
Park, UIR4-Bluffton, EPC-Bridge over East Pine Creek - Section 34.
Table 1 Dye trace information summary
I Legend
Conduit-flow springs
Coldwater Cave System
Dye trace
Injection site
Figure 14. Dye traces #1, #3, #4, and #5 to delineate the northwest and western
limit of the basin
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Trace #5 was injected in the swallet in Elliott Creek and detected at Serendipity
Spring and Coldwater Spring. A precipitation event that occurred after injection of Trace
#5 raised groundwater levels enough for water flow to cross the drainage divide between
the Serendipity - Coldwater Cave drainage basin and be discharged at both springs.
These traces indicate the existence of a drainage divide between the Cold Water Creek
groundwater basin and the basin that discharges through Serendipity Spring and that the
divide changes during high flow conditions.
B. East Side of Study Area (Traces #2, #7, and #9)
Three qualitative traces were conducted in order to define the eastern limits of the
Coldwater Cave groundwater basin. (Figure 15). Trace #2 was injected in the southern
part of East Pine Creek (stream sieve) and tested positive at Marlow Spring. Trace #7
injected in Pine Creek (stream sieve) was detected at Coldwater Spring, Carolan Spring
and, in-cave at Sand Canyon, Sinus Passage, and First Right Hand Side Passage.
The trace identified the underground flow route of Pine Creek after it sinks. This
revealed the existence of a conduit that joins downstream Wanda's Walkway and
contributes to Carolan Spring during base flow and to both Carolan and Coldwater
Springs during high flow conditions.
Trace 9, which was injected at a stream sieve in East Pine Creek, showed a
positive hit at Hoppin Spring and Marlow Spring.
Traces #2 and #9 indicate that there is a subterranean drainage divide between the
Coldwater Creek groundwater basin and the East Pine Creek basin (Hoppin/Marlow
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Springs). East Pine Creek sinks just beyond the A18 bridge and recharges Hoppin Spring
and Marlow Spring. During base flow, the water discharging from Hoppin Spring has a
temperature of 12°C. The water from Marlow Spring has a base level temperature of
9 °C. During high flow conditions, the spring water temperature at Marlow Spring
measures at 12°C. This may indicate that during high flow conditions, the water is taking
an overflow route to Marlow Spring which is in effect a short cut since the water does not
remain underground long enough to equilibrate to subsurface temperatures. The water
that recharges Hoppin Spring has also not been underground long enough to equilibrate
with the mean subsurface temperature.
Dye was never detected at Rimstone River Cave Spring which indicates yet
another subterranean divide, most likely associated with Silver Creek drainage which is
the next surface watershed to the east of Pine Creek.
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Figure 15 Trace #2, #7, #9, East side of basin
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C. Northeast Side of Study Area (Trace #10)
Trace 10 was injected at the northern end of Pine Creek to determine the source of
water in the passages of the northeast side of the cave system (Figure 16). Dye receptors
that were collected two days after the trace tested positive from Cascade Passage, and at
Coldwater and Carolan Springs. Receptors in the Waterfall Passage,
Petes Pipe and the North Snake Passage tested negative for dye from the receptors
collected two days after the trace. However, in the receptors collected 10 days after the
trace, dye was detected in the Waterfall Passage, in Petes Pipe and from the North Snake
Passage.
D. In-Cave dye Tracing Results (Trace #6)
The purpose of this trace was to delineate the southern drainage divide of the cave
system. Dye was injected in Wanda's Walkway, a passage that is parallel to the
mainstream passage. This trace confirmed that during base flow conditions, a drainage
divide at the upstream end of the Cascade Creek passage diverts water to the master
conduit of Coldwater Cave, to a west-tending series of conduits that parallel the master
conduit of Coldwater Cave, and to Wanda's Walkway, a south-trending conduit that
discharges at Carolan Spring. At this point on the surface, Pine Creek Proper has
disappeared from its surface channel and flows completely underground.
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Figure 16. In-cave dye trace
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At base flow, Wanda's Walkway recharges four infeeding side passages that flow into
the master conduit of the Coldwater Cave system from the east (Brothers Grimm, Beaver
Boneyard, Sinus Passage, and First Right Hand Side Passage).
During the recharge event, Wanda's Walkway conduit overflowed into the west-
trending conduit series. An event-dependent drainage divide formed at Sand Canyon and
water flowed west into mainstream Coldwater, and southeast into Wanda's Walkway
conduit. The Wanda's Walkway conduit discharged at both Carolan Spring and
Coldwater Spring. At Carolan Spring a small overflow spring forms fifty meters to the
northeast of the main spring entrance and coalesces with the discharge from Carolan
Spring, which then flows 800 meters to where it joins the Upper Iowa River. Figure 17
shows the results of the in-cave dye trace.
E. Trace 8 - Quantitative
One quantitative trace was conducted (Figure 18) to determine the travel time of
recharge from a stream sieve at the north end of the cave system to a sampling site at the
Flatland entrance, to comparing it with the result from a similar trace done in 1986 by
Wheeler et al. where base level flow was higher. In the 1986 trace, dye was injected in a
sinkhole located near Deer Creek. The leading edge of the dye reached the entrance
platform seven hours after dye injection and at Coldwater Spring in just under eleven
hours. Stage at the entrance platform was .28mm.
In May of 2003, the trace was repeated but with dye injected in Deer Creek
(stream sieve) rather than in a sinkhole. At that time, stage at the entrance platform was at
10.2 mm. The dye traveled in the surface stream, which sank a kilometer from
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injection point. A beaver dam located a half kilometer from the injection site slowed the
flow of the surface stream. A small nick was installed in the side of the dam allowing the
water to drain more freely and continue downstream to the sink point. Grab samples
were taken at the entrance platform. The actual route of the dye in the cave system was
determined by using passive receptors. The leading edge of the dye reached the
monitoring station at the Flatland entrance platform 19 hours after injection time, peaked
at 29 hours, and began receding at hour 32. The breakthrough curve for this trace is
shown in Figure 19.
Sampling stopped at hour 40, which was not long enough to catch the tail end of
the receding limb of the dye curve. Dye was still being detected at Coldwater Spring
approximately 48 hours later (based on 36 and 48- hour receptor retrievals). Trace #8
confirmed the location of the headwaters of the underground stream that forms in the
main conduit of the Coldwater Cave System. A comparison of the 1986 and 2000 traces
quantified flow velocity in drought conditions (600 m/hour) vs. flow when base level is
higher than average (1900 m/hour).
70
Karst springs
• Monitoring sites
Dye injection site
Trace route
Upper Iowa River
Coldwater Cave System
Beaver Boneyard
Sand Canyon
Sinus Passage
A 0 0.25 0.51 i i i I i 1 KilometersJ I
Figure 17. Results of the dye trace in the Coldwater Cave
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Figure 18. Results of quantitative trace
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Cave Stream Temperature Results
Cave stream temperature monitoring began in September of 2002. Five
temperature data loggers were installed at in-cave sites and one at Carolan Spring though
all locations have not all been fully operational during the duration of the project. In
order to get the maximum coverage of data, results from March 2004 through March
2005 are considered.
Graphs were made for maximum and minimum daily surface temperatures, daily
precipitation, for cave stream temperature vs. time, and composite graphs for all locations
were generated. Descriptive statistics from the temperature logger data is summarized
in Table 2.
Max
Min
Median
Mean
St. Dev
Spong
Siphon
13.4
4.1
8.9
8.7
1.7
North
Snake
10.1
8.7
9.8
9.8
.2
Entrance
shaft
12.9
3.7
8.8
8.7
1.2
Cascade
Creek
11.9
2.3
8.9
8.6
0.8
Sinus
Passage
16.4
4.8
10.2
10.5
2.3
Carolan
Spring
16.8
2.0
9.3
8.3
3.2
Table 2. Descriptive statistics for 2004-2005 cave stream temperatures in °C
Figure 20 shows the location of the sampling sites. During the sampling period,
the maximum surface temperature was 22°C and the minimum was -44°C (Midwest
Climatology Center 2005).
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Figure 20. Monitoring sites for temperature data loggers
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A. Spong Siphon Site
The temperature logger in the Spong Siphon was installed in July of 2004 so the
dataset encompasses July 2004 through March 2005. The Spong Siphon site is located
within the Coldwater Cave System and is the farthest upstream data logger. The Spong
Siphon is a low-air space passage way and the headwaters of the cave system
flow through it. Portions of this section of the cave are located directly under Deer Creek
and within 200 meters of Pine Creek. Deer and Pine Creeks, and Cold Water Creek, when
it flows during storm events, all lose water to the cave system.
Figure 21 shows the temperature graph and the location of the Spong logger site
within the cave system and with respect to surface streams. Temperature of the water in
the Spong Siphon ranged from 4.1 to 13.4°C and averaged 8.7°C. Cave stream
temperatures were highest between July and October and steadily declined from October
through January. The lowest temperatures were recorded in February and March of
2005. In general, the temperature curve shows many small fluctuations in daily
temperature.
B. North Snake Passage Site
The North Snake Passage is located a kilometer downstream of the Spong Siphon.
It is an upstream infeeder to the mainstream passage and goes 320 meters to an 8-meter
high dome. The passage continues another 20 meters beyond the top of the dome and
becomes too narrow to be humanly passable. Stream flow in the passage is perennial.
The end of the Snake passage is located less than a kilometer away from Pine Creek.
The temperature of the stream ranged from 8.7 to 10°C throughout the sampling period
(Figure 21). The mean temperature was 9.8 °C. There was a very slight increase in
temperature during the overall sampling period. There were many small temperature
fluctuations between March and July, in middle November and throughout March 2005.
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However, overall, the North Snake Passage maintains the most consistent temperature of
all of the sites monitored.
C. Entrance Platform
The entrance platform is a wooden deck that is located directly under the man-
made entrance shaft. All of the water that comes from the upstream reaches of the cave
flows past the platform. Passage dimensions in this area are six meters wide by eight
meters tall. This is also the location of the stilling well and the Knox College instrument
that measures stage. This area is located a little over 1200 meters from the Spong
Siphon. Water temperatures ranged from 3.7 to 12.9°C, slightly cooler than at the Spong
(Figure 21). The lowest temperatures are recorded in March of 2004 and 2005.
Temperatures began to increase from the end of March through late October and
then begin to decrease. The curve is very spiky throughout the sampling period. The
straight-line sections in early March and early July reflect time periods when the logger
was not recording. There is one temporary high outlier in early March of 2005 and it is
most likely an equipment glitch. In general, the trend of temperature readings at the
platform mirror those at the Spong Siphon except are a degree or so lower which is to be
expected since North Snake and the Upstream loop which both maintain constant
temperatures contribute discharge to the main stream.
D. Cascade Creek Site
Cascade Creek Passage is located 2.5 kilometers from the Spong Siphon and is
one of the first of a series of infeeding side passages that bring water into the main stream
from the east. The Cascade Creek Passage begins as a walking passage but eventually
gets down to stream-crawl dimensions. A drainage divide is encountered where water
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flows west toward the main stream and also due south. The headwaters of Cascade Creek
Passage are located approximately 340 meters from Pine Creek.
Stream temperatures in Cascade Creek range from 2.3 to 11.9 °C with a mean of
8.6 °C. (Figure 22) The lowest temperatures occur in March 2004 and 2005. At the end
of March 2004, temperatures stabilized and slightly increased to around 8.5 °C and
maintains there until early March of 2005. In mid-March 2005 the temperatures became
unstable and got below 5°C at times. March 2004, July 2004, and March 2005 all
displayed extremes in temperature, which were reflected in the spiky temperature curves.
E. Sinus Passage Site
The Sinus passage is a downstream infeeder located approximately 3.5 km from
the Spong Siphon and is the most remote logger site in the cave. The passage is 2 meters
high at its beginning and quickly drops down to less than a meter and becomes humanly
impassible. The Sinus Passage is located a kilometer away from Pine Creek; however it
gets its recharge from Wanda's Walkway, which lies directly under Pine Creek.
The temperature logger did not register when it was originally turned on and this
was not discovered until a subsequent data-download trip. It was recalibrated and began
recording in mid-March of 2004 through mid-October of 2004. Stream temperatures for
this time period ranged between 4.8 and 16.4°C with a mean of 10.5 °C. The lowest
recorded temperatures were in middle March of 2004 and steadily rose until mid-August
of 2004. There were many fluctuations in the graph beginning in mid-May through mid-
August (Figure 22).
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F. Carolan Spring
Carolan Spring is one of two springs that drain the Coldwater Cave System. It is
located 1500 meters southeast of Coldwater Cave Spring. Water issues from the base of a
small limestone outcrop and flows 800 meters to join the Coldwater Spring run, which
eventually flows, into the Upper Iowa River after a kilometer.
Water temperature from the spring ranges between 2 and 16.8°C with an average
of 9.3 °C. In March of 2004, water temperatures began a steady rise from 6°C degrees to
its peak of 16.8°C degrees in mid-October of 2004 and then declined steadily through
March of 2005 to 3°C (Figure 23). There were many significant fluctuations in
temperature both on the up and downswing of the curves. The logger was not
functioning in early April 2004, mid-August 2004 and early March of 2005 as evidenced
by the flat-line configuration of the curve. Freezing temperatures in March 2004 and
2005 may have caused the logger to malfunction. A storm event in August 2004 may
have also had the same result. Pine Creek completely sinks two km away from the spring
and flows underground for that distance until it discharges at Carolan Spring. In essence,
the stream that discharges from Carolan Spring is Pine Creek.
Peel
Figure 22 Temperature data for Cascade Creek, Sinus Passage and Carolan Spring,
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G. Surface Temperatures vs. Cave Stream Temperatures
Table 3 is a summary of temperature values measured in 2002 and 2003 at three of
the surface streams that recharge the groundwater basin. Temperatures were taken at the
spring discharge point and at locations where the surface streams sink into the groundwater
basin. The temperature range at the headwater springs of each surface stream is between 8.7
to 8.9°C.
Surface temp
December -4°C
July-18°C
October -12°C
East Pine
Creek
Spring
8.7
8.9
8.7
Sink
5.7
15.6
9.6
Pine Creek
Spring
8.9
8.8
8.9
Sink
5
16.2
10
Deer Creek
Spring
8.6
8.7
8.7
Sink
6.3
10
9.2
Table 3. Temperatures in °C of surface streams at spring source and sink points
The table suggests that seasonal surface temperatures affect the water temperature
of surface creeks. The fluctuations in cave stream temperatures as shown by the
temperature logger data also appear to be in response to the changes in surface
temperatures.
Figure 23 shows a graph of average surface temperature vs. in-cave stream
temperatures. Those sections of underground stream that is located beneath surface creeks
show the widest range of cave stream temperatures vs. time. For example, the graph of
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Carolan Spring, which is the underground discharge point of Pine Creek Proper, is very
similar in trend to the graph for surface temperature. The cave stream temperature graph of
the North Snake Passage, which is located farthest from surface stream sink points, shows the
least variation in its stream temperature.
Figure 24 compares a graph of precipitation vs. time to the cave stream temperature
graphs. The period between March and October had the most precipitation and this is
reflected in the spiky nature of the cave stream temperature graphs during that time span.
Even the North Snake Passage, which shows the least effect from surface influences displays,
a little noise in the March through October time period.
Though the period between November and March did not get a lot of precipitation,
the cave temperature graphs showed fluctuations during this time period because of the
diurnal freeze-thaw affect.
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Figure 24. Cave stream temperature and precipitation events
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In order to quantify the relationship between surface temperatures and cave stream
temperature, regression analyses were done on cave stream temperature vs. average surface
temperature for each cave stream. The results are summarized in Table 4. The diurnal and
seasonal variations in surface temperature are subtly reflected in the cave stream temperature
graphs for passages that are located less than 500 meters from surface stream sink points.
The longer water stays underground, the more time it has to equilibrate to mean annual sub-
surface temperatures.
Cave Streams
Spong Siphon
North Snake Passage
Entrance platform
Cascade Creek
Sinus Passage
Carolan Spring
Average Distance ofin-cave
headwaters from surface stream
inputs (meters)
30
820
730
413
133
10
R2
.62
.03
.37
.27
.50
.65
Table 4. Distance from surface streams and R values
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Hydrographs:
A. Rating Curves
Rating curves were generated for Coldwater Spring and for Carolan Spring using
stage data from each spring and Equation 2
(2) Q = yo + a*x
where Q= discharge in cubic meters/sec.
yo = -.2315 a = 2.6433 Coldwater Spring
yo = -2.1052 a = 76.5179 Carolan Spring
x =stage (meters). Figure 25 and Figure 26 are the rating curves for Coldwater Spring
and Carolan Spring respectively.
Based on annual precipitation data that goes back to 1948, (median precipitation
is 557mm) three years from the 1980-91 stage hydrographs were selected for analysis and
comparison. The 1981 hydrograph was from a year that had 817 mm of precipitation.
The 1983 hydrograph year had 1237 mm of precipitation. Precipitation for 1988
hydrograph was 609mm, which is close to the overall median...
The months with lowest precipitation and discharge values are November,
December, January and early February. This time of year the ground surface is frozen
and most precipitation falls in the form of snow though rain and sleet are also possible.
Small spring runs on the surface, which recharge the surface streams, can freeze.
Though precipitation for March increased slightly, discharge increased
dramatically. The end of February and March mark freeze-thaw events where surface
temperatures fluctuate between below and above freezing. During the day snow, ice or,
frozen surface streams begin to thaw increasing recharge to the aquifer and causing a
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decrease in cave stream temperatures. As temperatures drop at night, surface waters
freeze and recharge diminishes. Water levels fluctuate on a diurnal schedule.
From April through May, overall base level begins to increase as more
precipitation falls in the basin. June through August is the wettest months with many
short duration storm events. In September and October, precipitation begins to decrease.
Hydrograph response and climate data analysis shows that the karst aquifer undergoes
regular distinct seasonal fluctuations in discharge. Figure 27 compares the hydrograph
responses of 1981, 1983 and 1988. In general, periods of curve recession are interspersed
with abrupt increases followed by either short or longer duration returns to base level.
Series of lower amplitude increases and decreases of the curve in February and March
indicate freeze-thaw events. Storm events in spring and fall tend to produce hydrograph
responses that are of longer duration vs. those of summer which tend to be shorter and
more abrupt. This may be due to the greatly increased evapo-transpiration of the summer
months.
B. Hydrograph Analysis
Selected recharge events that occurred between 1980 and 1991 were analyzed to
identify the different types of recharge events and how they affect discharge in the
aquifer.
Figure 28 shows the time period from March 1 through 9, 1983. On February 28,
the ground was frozen and base stream level was at 2.2 cm. Starting on March 1, surface
temperatures began fluctuating between above and below freezing. The first diurnal
fluctuation took about 12 hours to peak and then spent the next 12 hours in decline. The
roller coaster morphology of the curve persists until temperatures stabilize close
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Figure 28. Hydrograph for freeze-thaw event, March 1983
or below freezing. Though there was no precipitation during this time period, stage and
consequently discharge were at very high levels.
Figure 29 illustrates hydrograph response to a series of small precipitation events
in July of 1981. The initial rise in response takes 6-8 hours and then decreases quickly to
base level.
Figure 30 shows an example where a short warm spell coupled with rain
increased discharge within the aquifer. The time period is November 22 through 25,
1983. Temperatures above freezing began melting snow cover and increased the
discharge in the aquifer. An increase in temperatures to above freezing caused the first
peak in the hydrograph with the characteristic 12-hour time to peak of a snowmelt curve.
Two rain events caused the next big peak and the time to peak was nearly 18 hours.
After November 25, the temperatures dropped back down to freezing. The recession
curve took a long, gradual descent and did not reach seasonal base levels until nearly 30
days later.
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In general, the small storm responses have a 6-hour time-to-peak followed by a
rapid decline in discharge after the peak. The larger responses take longer to peak (12
hours) and the recession curve is much longer. Though both responses indicate conduit
flow, the latter may be indicative that the larger conduits are full and as a consequence
recharge begins filling up the smaller conduits and fissures. The long recession curve
reflects the longer time it takes for water to flow out of the smaller spaces and into the
larger conduit. Large storms may also cause some temporary surface storage in
sinkholes, which in turn take longer to drain.
C. Climate and Recharge Events
Based on precipitation data from 1948 through 2004, the sampling period for this
study exhibited some of the lowest annual precipitation on record. Median precipitation
for the area is 842 mm. The study area received 545 mm of precipitation in the year
2003. Figure 31 shows annual precipitation with respect to departure from median.
During the seventeen-month sampling period between August 2002 and
December 2003, a total of eight recharge events occurred within four days of a monthly
sampling date. There were additional recharge events throughout the seventeen-month
period but they did not affect the sampling days. Three of the sampling-related events
were due to freeze-thaw temperatures during the winter months. Increases in surface
temperature to above freezing during the day, resulted either in snow melt and/or in the
melting of stream-runs from diffuse flow surface streams which are the source of all
surface streams. Freeze-thaw events occurred in December 2002, February and March
2003. Five of the sampling-related recharge events were due to precipitation that fell in
the study area within the three previous days prior to the sampling day and/or on the
sampling day. Those occurred in August 2002 and in April, May, August, September of
2003. Figure 32 is a graph showing recharge events with respect to spring discharge for
each sampling day.
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Water Chemistry/Quality Results
Water samples and water chemistry measurements were taken at Coldwater
Spring and at Carolan Spring. The sampling interval was monthly between August 2002
and December 2003 for a total of seventeen months. Each sampling day is a time-
snapshot of the physical and chemical conditions at each spring at the particular time and
day. The data that were graphed are discrete rather than continuous. A point represents
each sample and each point is connected with dashed or dotted lines to convey their
discrete nature. Table 5 contains a set of r2 values that were generated from data for a
number of the graphs in this section.
Y=y0 + ax
Average surface temperature vs.
spring temperature
Discharge vs. Temperature
Discharge vs. SpC
Discharge vs. pH
pH vs. bicarbonate
Discharge vs. Ca+ & Mg+
Discharge vs. Nitrate
Coldwater Spring
.53
.24
.38
.49
.54
.22 & .24
.01
Carolan Spring
.49
.14
.37
.52
.56
.43 & .69
0
Table 5. R2 values for physical and chemical parameters
Tables 6 and 7 summarize the physical parameters that were measured at
Coldwater Spring and Carolan Spring on a monthly basis. Parameters included specific
conductance, pH, and temperature. Discharge data came from direct measurement of
spring discharge and from rating curves that were generated for each spring. Tables 8 and
9 summarize the results of chemical analysis of spring water samples for cations and
anions, and for field titration for bicarbonate (HCO"3).
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Sampling
Date
8/20/2002
9/21/2002
10/18/2002
11/16/2002
12/14/2002
1/18/2003
2/21/2003
3/14/2003
4/18/2003
5/11/2003
6/20/2003
7/18/2003
8/16/2003
9/19/2003
10/18/2003
11/15/2003
12/20/2003
Discharge
Liters/sec
240
171
155
147
190
123
534
270
179
200
139
107
115
252
83
75
75
SpC
us
797
769
722
664
658
723
479
440
683
601
743
740
765
591
743
702
752
pH
6.92
6.91
6.74
7.08
7.17
7.15
6.85
6.72
7.70
6.82
7.19
7.29
7.30
6.83
7.31
7.44
7.26
Temp °C
12.4
11.8
10.1
8.7
7.9
7.8
5.1
4.9
8.3
11.3
12.9
15.4
16.9
12.3
11.9
8.9
8.8
Table 6. Physical parameters at Coldwater Spring
Sampling
Date
8/20/2002
21/2002
10/18/2002
11/16/2002
12/14/2002
1/18/2003
2/21/2003
3/14/2003
4/18/2003
5/11/2003
6/20/2003
7/18/2003
8/16/2003
9/19/2003
10/18/2003
11/15/2003
12/20/2003
Discharge
Liters/sec
72
51
47
44
57
37
160
87
60
80
42
32
37
76
25
22
22
SpC
us
801
757
731
703
678
714
492
402
718
543
722
762
745
572
721
739
749
pH
6.89
7.08
6.86
7.13
7.22
7.24
6.79
6.83
7.30
6.79
7.15
7.46
7.60
6.96
7.44
7.52
7.31
Temp
16.1
14.9
13.4
5.2
6.7
7.7
4.1
3.5
7.1
11.9
13.1
15.7
18.6
13.5
11.2
8.7
8.9
Table 7. Physical parameters at Carolan Spring
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A. Surface vs. Spring Water Temperatures
Figure 33 is a plot of cave spring temperature vs. maximum/minimum surface
temperatures for each sampling day. Surface temperature data came from the Minnesota
Climate working group database for Preston, Minnesota, located 16 km north of both
springs.
The seasonal temperatures graphs of both springs subtly reflect the maximum and
minimum surface temperatures on the sampling day. Spring water and surface
temperatures were highest from April through October, lowest from November through
January, and fluctuate between above and below freezing in February and March. This is
the same pattern, in terms of water temperature vs. surface temperature, that was
documented by data loggers in section 3 (Cave stream temperature data logger results) of
this chapter.
Surface Temperatures vs. Spring Temperatures
Coldwater Spring and Carolan Spring
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Figure 33. Surface vs. spring temperatures for Coldwater and Carolan Spring
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Sample
date
8/20/2002
9/21/2002
10/18/2002
11/16/2002
12/14/2002
1/18/2003
2/21/2003
3/14/2003
4/18/2003
5/11/2003
6/20/2003
7/18/2003
8/16/2003
9/19/2003
10/18/2003
11/15/2003
12/20/2003
NO3
mg/l
7.2
6.2
5.9
4.9
4.9
5.0
3.7
2.0
4.0
4.1
4.4
3.9
4.4
4.2
4.0
4.0
4.0
HCO3
mg/l
131
127
121
125
135
158
85
62
131
107
153
131
149
121
144
146
139
Ca+1
mg/l
90.3
96.1
94.8
96.7
97.9
97.8
18.5
45.6
76.8
77.3
74.5
74.4
95.4
109.6
89.7
88.6
91.6
mg/l
26.9
27.2
27.5
31.0
31.3
35.2
5.4
12.6
22.0
22.4
23.1
19.5
28.1
30.0
26.8
21.7
24.3
Cl
mg/l
24.4
20.0
16.0
14.2
13.1
12.5
12.7
11.8
16.0
16.2
18.0
14.4
14.9
15.1
14.5
2.4
22.4
Na+1
mg/l
9.9
7.0
6.5
7.2
6.5
5.7
1.2
2.6
4.9
2.1
7.7
6.6
7.3
8.4
7.8
7.3
6.6
NH/1
mg/l
3.1
5.4
9.8
4.0
1.0
1.0
1.0
1.0
nd
nd
2.6
6.8
1.3
7.4
7.4
3.0
3.0
mg/l
0.04
0.06
0.06
0.03
0.03
0.05
0.04
0.97
0.08
0.08
0.09
0.04
0.04
0.06
0.02
0.02
0.03
nd=none detect
Table 8. Coldwater Spring cation and anion concentration results
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B. Discharge vs. Temperature
Figure 34 and Figure 35 are graphs that plot discharge vs. spring water
temperature for Coldwater Spring (CW) and Carolan Spring (CA) respectively. Carolan
Spring has a third of the discharge as Coldwater Spring, but the discharge plots generally
complement each other in terms of their responses to recharge events. Though changes
in temperatures for both springs are a function of the discharge, Carolan Spring displays a
greater range of temperatures than Coldwater Spring. This is because the recharge area of
Carolan Spring lies directly under Pine Creek and the distance between the headwater
recharge area and Carolan Spring is much shorter than that of the Coldwater Spring
recharge area to its spring. The climatic fluctuations in spring temperatures are also
documented in the previous section on surface temperatures vs. cave stream temperature.
Both springs show a seasonal decline in discharge starting from recharge event #1
in August of 2002 through November 2002. The temperature at Coldwater Spring
declines gradually from 12.4°C in August to 8.7°C in November. The temperature of
Carolan Spring in August is 16.1°C and declines steadily through October to 13.4 °C. In
November, Carolan Spring temperature drops dramatically to 5.2°C. In December,
recharge event #2 increases discharge in both springs (CW: 21m /sec, CA: .06 m3/sec).
The event is caused by surface temperatures that rose above freezing and thawed waters
that originated from the perennial diffuse flow springs that are the headwaters for all of
the surface streams in the area. This caused further declines of water temperature in both
springs as melt-water recharge entered the groundwater basin.
In January, discharge continued to decline due to freezing temperatures on the
surface that partially froze the stream runs of the diffuse flow springs. The decrease in
discharge meant that water entering the system moved more slowly (stream flow rate is a
function of discharge) and remained underground for longer periods of time allowing it to
equilibrate to subsurface temperatures, which average between 8 and 9°C.
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Sample
date
8/20/2002
9/21/2002
10/18/2002
11/16/2002
12/14/2002
1/18/2003
2/21/2003
3/14/2003
4/18/2003
5/11/2003
6/20/2003
7/18/2003
8/16/2003
9/19/2003
10/18/2003
11/15/2003
12/20/2003
NO3
mg/1
6.2
7.2
7.2
6.3
5.1
4.8
4.1
2.0
3.7
5.3
2.6
3.4
1.9
2.4
3.0
3.0
3.8
H C O 3
mg/1
128.0
130.0
132.0
136.0
139.0
143.0
90.0
51.0
145.0
116.0
145.0
140.0
145.0
112.0
149.0
152.0
147.0
Ca+i
mg/1
96.1
90.3
87.4
94.4
94.6
89.1
18.5
40.4
75.5
70.3
74.4
67.5
82.4
92.2
83.3
89.6
92.3
Mg+ i
mg/1
27.2
28.9
27.6
35.1
27.2
25.9
5.7
11.4
22.4
22.0
24.0
19.6
27.2
28.3
27.5
26.9
27.3
Cl
mg/1
20.0
24.4
22.5
26.5
19.2
21.0
17.1
14.4
23.5
25.1
26.3
21.6
22.3
22.5
20.4
23.6
18.6
Na+1
mg/1
7.0
9.9
9.7
13.9
11.0
11.2
1.6
5.8
11.3
8.6
7.6
10.1
12.2
15.0
10.9
12.2
11.9
N H 4 1
mg/1
5.4
3.1
1.4
4.4
1.0
1.0
nd
5.2
nd
nd
nd
1.1
1.4
1.5
1.1
5.1
4.5
IT1
mg/1
0.05
0.03
0.02
0.03
0.05
0.06
0.06
1.02
0.01
0.09
0.02
0.01
0.02
0.03
0.02
0.03
0.04
Table 9. Carolan Spring cation and anion concentration results
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Beginning in late February and through early April, surface temperatures went
through a freeze-thaw cycle typical of this time of year. Surface temperatures fluctuated
between above- and below-freezing causing a dramatic increase in stream discharge and a
decrease in cave stream temperatures because of the thawing of ice, snow and frozen
surface streams (recharge events #3, #4 and #5). Both springs displayed highest discharge
values at this time of year. Coldwater Spring temperature dropped to 5°C and Carolan
Spring temperature ranged from 3.5 to 4°C.
In middle April, warming surface temperatures and a precipitation event increased
spring discharge and temperature of both springs (recharge event #6). From late April
through July, spring water temperatures rose steadily, reaching a maximum of 15.9 °C at
Coldwater Spring and 18.6°C in Carolan Spring. Despite recharge events #7 and #8 in
August and September, discharge at Coldwater Spring slowly declined from .18 to .11
m3/sec. Carolan Spring discharge ranged between .03 and .04 m3/sec with the exception
of a short-term increase to .08 m3/sec because of a recharge event #8.
Spring water temperatures and discharges continued to drop in October and
steadily into December because of the seasonal decrease of surface temperatures and the
lack of significant recharge events respectively. In December 2003, water temperatures at
both springs were between 8.8 and 8.9°C and discharge at each spring was at a seasonal
low.
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Figure 34. Discharge vs. temperature for Coldwater Spring
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Figure 35. Discharge vs. temperature for Carolan Spring
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C. Discharge vs. Specific Conductance
Specific conductance is the measure of ions in solution. Figure 36 and Figure 37
are graphs of discharge vs. specific conductance for Coldwater Spring and Carolan
Spring respectively. Both springs show an increase in specific conductance as discharge
decreased from August through December 2002. There is a small increase in discharge
as a result of the recharge event in December (recharge event #2) though conductivity
remains fairly constant... In January 2003, conductivity increased while discharge
decreased slightly.
The sampling for February and March was conducted near the beginning of a
freeze-thaw cycle typical of this time of year (recharge events #3 and #4). Discharge
sharply increased and conductivity correspondingly dropped. The influx of melt-water,
which had minimal time to equilibrate with aquifer conditions and chemistry, diluted the
ion concentrations at the spring and resulted in the lower conductivity readings. In April,
conductivity increased slightly while discharge decreased until the recharge events in late
April and May (#5 and #6). Conductivity decreased slightly in May as did recharge
From June until December, discharge steadily decreased while conductivity increased,
except during the two recharge events in August and September (#7 and #8).
Conductivity slightly increased and then remained fairly constant as recharge also
remained constant. Overall, specific conductance was highest in the months of October
2002 through January 2003 and fluctuated in February and March 2003. Isolated
recharge events in April through August caused increases in discharge but conductivity
remained fairly constant. The longer the system goes without recharge events, the higher
conductivity levels become.
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Figure 36. Discharge vs. specific conductance
200
Discharge vs. Specific Conductance
Carolan Spring
150 H
— 100 -
50 -
0
V \
h
• Discharge
SpC
\
/ \
Recharge events
1 , .
1000
800
- 600
- 400
h 200
5 6 7 8
0
August 2002 - December 2003
Figure 37. Discharge vs. Specific conductance at Carolan Spring
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D. Discharge vs. pH and Bicarbonate
The concentration of bicarbonate ions in karst waters is a function of a number of
factors including the pH of the water. Figure 38 and Figure 39 are graphs of discharge
vs. field-measured pH and bicarbonate values from field titrations.
Figure 38 plots discharge vs. pH and bicarbonate for Coldwater Spring. As
discharge decreased from August through December 2002, pH and bicarbonate increased.
In January 2003, discharge decreased and pH and bicarbonate increased. Discharge
increased dramatically in February 2003 and March 2003 and pH and bicarbonate
decreased. In April 2003, the trend of discharge took a downturn, except for a short
recharge event. Bicarbonate and pH levels followed the opposite trend and increased over
time. From June through December 2003, discharge steadily decreased and pH and
bicarbonate increased. A recharge event in September did increase discharge for a short
time, and pH and bicarbonate also increased for that period.
Carolan Spring (Figure 30) followed the same basic trend as Coldwater Spring
with the exception of the recharge event in September. Bicarbonate and pH both
decreased when recharge increased.
In general, when discharge was lowest, pH and bicarbonate concentration were
highest except at certain times during recharge events. The levels of these parameters are
a function of when; during the recharge event the samples and measurements were taken.
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Figure 38. Discharge vs. pH and bicarbonate, Coldwater Spring
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Figure 39 Discharge vs. pH and bicarbonate, Carolan Spring
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E. Discharge vs. Ca+ and Mg+ Ion Concentrations
The concentration of Ca+ and Mg+ ions appear to be affected by spring discharge
levels. At Coldwater Spring (Figure 40), concentration of Ca+ and Mg+remained fairly
constant from August through November of 2002 while discharge levels were low during
that time frame. The recharge event in December, which increased discharge, caused a
decrease in the ion levels. In January, discharge dropped and ion levels increased. In
February and March of 2003, the freeze-thaw recharge event caused discharge to rise and
ion levels dropped in correspondence. April ion concentrations increased and discharge
levels were down from March. From June through December of 2003, discharge
decreased and ion levels increased, except during the recharge event in September.
When recharge levels increased, the ion concentrations also increased Carolan Spring
(Figure 41) followed the same trend in terms of discharge and ion concentrations as
Coldwater Spring for most of the sampling period with the exception of the recharge
event in September. When recharge increased, ion concentrations decreased.
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Figure 40. Discharge vs. Mg+ and Ca+ concentrations, Coldwater Spring
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Figure 41. Discharge vs. Mg+ and Ca+ concentrations, Carolan Spring
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Concentration and Load of Agricultural Contaminants
A. Nitrate
Nitrate levels in the study area usually don't exceed the lOmg/L standard set by
the EPA for drinking water but are well above the natural environmental levels of 2 mg/1.
Nitrate concentration is related to land use. Nitrate is soluble in water so nitrate load
is a function of stream discharge. Table 10 summarizes the descriptive statistics for
nitrates. Figure 42 is a graph of discharge vs. nitrate concentrations for Coldwater Spring.
From August to November 2002, discharge levels were low and nitrate levels ranged
between 6.2 to 6.5 mg/1. The small recharge event in December caused a decrease in
nitrate concentration. In January, discharge decreased and nitrate concentration increased.
Mean
Median
Std. Dev.
Minimum
Maximum
Q vs. nitrate
concentration R
Q vs. nitrate load
R2
Coldwater
Spring
4.4
4.6
1.1
2.0
6.2
0.26
0.71
Carolan
Spring
4.3
4.2
1.8
1.8
7.2
0.07
0.55
Table 10. Descriptive statistics for nitrate concentrations in mg/1 in Coldwater and
Carolan Springs (Q=discharge)
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The Figure 43 shows the concentrations of nitrate in mg/1 for each sample day.
From August to November 2002, nitrate concentration decreased as discharge decreased.
In December, a rise in discharge was accompanied by an increase in nitrate levels. In
January 2003, concentrations decreased again. In February and March 2003, discharge
dramatically increased but nitrate levels dropped. They rose again in April through July.
Discharge level decreased during that time period. Nitrate levels rose in September as did
discharge levels. From October through December 2003, nitrate concentrations and
discharge remained constant.
Figure 44 is a graph of discharge vs. nitrate concentrations in Carolan Spring.
Nitrate concentrations increased from August to November 2002 as discharge levels
decreased. In November through December, and in January 2003 nitrate levels dropped
and discharge continued to decrease except for a recharge event in December 2002.
Discharge levels rose in February and March of 2003 and nitrate concentrations
fell sharply. Nitrate levels increased in April 2003 and discharge decreased. In May
2003, discharge increased and nitrate concentrations dropped. In June both fell. From
July to September 2003, discharge levels increased. Nitrate levels did not change in July
but then declined in August and rose in September. From October to December 2003,
discharge decreased and remained at steady levels. Nitrate concentrations increased and
then leveled off during that time period.
Figure 45 shows the concentration of nitrates in mg/1 for each sampling date at
Coldwater Spring and Carolan Spring. In August of 2002, nitrate concentrations in
Coldwater Spring exceeded those in Carolan. However, nitrate concentration in Carolan
Spring exceeded or equaled the concentrations in Coldwater Spring from September 2002
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through April 2003. In May through December of 2003 nitrate concentrations in
Coldwater Spring exceeded those in Carolan Spring.
Figure 45 is a graph of nitrate load in both springs. Spring discharge is
superimposed on the bar graph for nitrate load. Coldwater Spring has consistently higher
loads of nitrate than does Carolan Spring because it drains a larger area. The overall
nitrate load was higher in the fall of 2002 than in fall of 2003. This was probably due to
the higher discharge during that time period. Nitrate load was higher in September of
2003 because of recharge event #8.
Ill
600
500 -
400 -
•£ 300 4
200 -
100 -
\
\
\
Discharge vs. Nitrate concentration
Coldwater Spring
—•• - Discharge
Nitrate
/ \
^ * \ .
/ \
~i 1 1 1
- 7
- 6
- 5
3
2
August 2002 - December 2003
Figure 42. Discharge vs. nitrate concentrations in Coldwater Spring
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Figure 43. Discharge vs. nitrate concentrations in Carolan Spring
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Figure 44. Nitrate levels at Coldwater and Carolan Spring
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Figure 45. Nitrate load in Coldwater and Carolan Spring
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B. Bacteria
Microbial sampling and analysis was conducted by the Iowa Hygienic Laboratory for
a project to study bacteria sources. One of their sampling sites was Coldwater Spring and
they provided data for this study. Their sampling interval was weekly, however the data
shown in Figure 46 are for the monthly date that matched the sampling dates used for this
study. Table 11 lists descriptive statistics for bacteria levels. Table 12 is from sampling
conducted by the Upper Iowa River Watershed project. That dataset includes turbidity
readings in addition to bacterial concentrations. All of the events with high bacteria
concentrations also display high turbidity readings.
Figure 46 graphs fecal coliform load in colonies/hour and bacteria in colonies/liter
and compares them to discharge level in liters/hour. In general the levels of bacteria are a
function of the amount of discharge (R2=.51). Bacteria level was lowest in the late fall
and winter months. Recharge event #2 is reflected in the higher bacteria concentration
and load. The bacteria load and levels for February 2003 are low because the bacteria
sample was collected prior to start of recharge event #3. March through May bacteria
load and bacteria concentrations were up because of recharge events #4, #5 and #6. The
very high bacteria concentrations in May might also be attributed to increases in surface
temperatures, which may augment bacterial growth. An additional recharge event that
was not detected from the samples for this study is apparent in June. In that case, the
study samples were collected prior to the recharge event.
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Mean
Median
St. dev.
Minimum
Maximum
Rl for discharge vs. bacteria
concentration
R2 for discharge vs. bacteria
load
437 colonies/ml
30 colonies/ml
1890.4
10 colonies/ml
12000 colonies/ml
.51
.56
Table 11. Descriptive statistics for bacteria levels from Coldwater Spring
Sampling Date
7/21/1999
10/6/1999
2/4/2000
5/18/2000
7/5/2000
10/11/2000
4/3/2001
6/15/2001
1/30/2002
07/29/02
5/11/2003
6/20/2003
6/7/2005
7/25/2005
8/2/2005
9/6/2006
10/4/2005
4/4/2006
5/2/2006
6/6/2006
7/5/2006
8/2/2006
9/5/2006
NTU
168
2.57
125
186.00
12
2.2
85
1376
2.64
23.3
53
53
50
100
40
60
47
40
44
50
52
60
60
colonies/ml
36000
73
5500
1100000
3900
36
280
160000
55
9000
1100
150
450
2900000
720
130
3000
100
2000
260
150
150
710
Table 12. Upper Iowa Watershed Project event sampling data for bacteria
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Figure 46. Fecal coliform concentrations, load, and spring discharge for
Coldwater Spring
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C. Pesticides
Table 13 summarizes the descriptive statistics for atrazine, its metabolite
deethylatrazine (DEA) and the ratio of atrazine to DEA.
Mean
Median
St. dev
Minimum
Maximum
Qvs.
concentration
R2
Q vs. load
R2
Atrazine
CW
.1250
.1300
.0375
.0700
.200
.0500
0.87
Atrazine
CA
.1158
.1302
.0394
.0700
.2200
.0698
0.75
DEA
CW
.2610
.3150
.0884
.808
.4200
.0638
.087
DEA
CA
.2490
.3000
.1029
.081
.4800
.0406
0.75
Ratio
Atrazine/DEA
CW
.5516
.6978
.2374
.3600
1.120
.0399
0.03
Ratio
Atrazine/DEA
CA
.5388
.6136
.2655
.3684
1.25
.0406
0.05
Table 13. Descriptive statistics for atrazine, DEA and the ratio of atrazine/DEA for
Coldwater and Carolan Spring. Units are in ppb.
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Figure 47 is a bar graph of Atrazine/DEA concentrations in Coldwater Spring. In
all samples analyzed for the metabolite, DEA exceeded the levels of atrazine in every
sample. The highest levels of atrazine occur during April and May 2003. DEA levels
were highest in February, April and June 2003. Atrazine levels for all of the samples
were well below the minimum standard of 3ppb as established by the US Environmental
Protection Agency. There is currently no minimum standard for metabolites.
Figure 49 shows Atrazine concentrations in Carolan Spring were highest in May
and June 2003. DEA was highest in May and June 2003 and in August and September
2003. There are no DEA data for July and December. All samples were well below the
MCL standards established by EPA.
Figure 49 shows a graph of the ratio of Atrazine to DEA for both springs.
Atrazine/DEA ratios are highest in March and in September 2003. There are no ratio
data for July and December. According to Thurman and Fallon (1996) the ratio of
deethylatrazine to atrazine (DAR) could be used to record the first major runoff of
herbicides from non-point-source cornfields to surface water. The DAR dramatically
decreases from 0.5 to <0.1 upon application of herbicide and the first major runoff event
of a basin. The DAR then gradually increases to values of approximately 0.4-0.6 during
the harvest season. This could explain the higher DAR values during the application
season, followed by decreases to just above 0.1 in July followed by an increase closer to
and during the harvest season.
Figure 50 displays Atrazine load in Coldwater and Carolan Springs. In Coldwater
spring, atrazine load was highest in February through July 2003 and in October 2003.
Atrazine load was highest in Carolan spring in February, March, May and October 2003.
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Figure 47. Atrazine and DEA concentrations in Coldwater Spring
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Figure 48. Atrazine and DEA concentrations in Carolan Spring
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Figure 49. Atrazine and DEA ratio in Coldwater and Carolan Springs
Figure 50 is a graph of Atrazine load for Coldwater Spring and Carolan Spring.
The units of the graph are mg/hour. Coldwater Spring issues the highest atrazine
load/hour in February and March of 2003 because this is when discharge is highest,
though June 2003 and September 2003 display the highest load-hour for the sites sampled
during the year... Load is high in February and March because that is when discharge is
highest. Higher loads in May and June 2003 can be attributed to the application season.
The increases in September may reflect a late recharge event.
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Figure 50. Atrazine load in Coldwater and Carolan Springs
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Figure 51. DEA load in Coldwater and Carolan Springs
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Land Use Analysis
Land use in the Coldwater Cave groundwater basin is predominantly agricultural
in nature (Figure 52) Pasture for livestock grazing makes up 19% of the land use and
dominates in the southern part of the basin where gradient is steep as it approaches the
Upper Iowa River. Forested land covers 7% of the basin. Corn and soybeans are the
dominant row crops at 32% and 20% respectively. Row crops are common on the north
end of the basin where slopes are less steep.
Alfalfa makes up 12% of the land use. CREP (Conservation Reserve
Enhancement Program) lands occupy 6% of the basin. There are two towns located at the
north end of the basin, Harmony and Canton, both in Minnesota. The southern part of
Harmony is within the Coldwater Cave groundwater basin. Canton is within a sub-basin
of the Root River watershed. Both towns contain the highest concentrations of residents
and also commercial land use. There are 120 homesteads located within the basin and
they all have their own septic system.
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Figure 52. Land use in the Coldwater Cave groundwater basin
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Contaminant Source Testing
A. Nitrogen Isotope Analysis
Table 14 summarizes the data from the nitrogen-oxygen isotope analysis
completed on a water sample from Coldwater Spring and one from Carolan Spring.
Figure 53. is a plot of those results superimposed on a graph after Hanson & Schoonen
1999. The Coldwater Spring sample (1) plots in the area of the graph that identifies
ammonium fertilizers as a source of nitrates. Carolan Spring plots out between
ammonium fertilizers and septic system wastes (2). Both sources are consistent with the
land use of the basin.
Site
Coldwater Spring 1
Carolan Spring 2
515Nnitrate air
6.8
8
818 nitrate % V S M O W
10.3
6.5
% is per mil, isotopes are reported versus international standards: 5 N is reported
Vs. air nitrogen and delta 818O is reported vs. Vienna Standard Mean Ocean Water
Table 14. Results of nitrogen and oxygen isotope analysis
70-1
h0_
Atmospheric 1
Nitrates
11
1 Coldwater Spring
2 Carolan Spring
Processes
Partial Denitrificatlon
Partial Nitrification
Ammonia Volatilization
f Septic S) • Animal Wastes
10
(%C)
Figure 53. Results of nitrogen and oxygen isotope analysis plotted on a graph (after Hanson and
Schoonen 1999)
I O
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B. Ribotyping:
The results (Figure 54) from the University of Iowa Hygienic Laboratory study on
microbial source tracking in the study area (Skopec et ai, 2004) identified E. Coli
samples from cattle and "other animals." Summer samples confirmed only cattle. Fall
confirmed cattle, human, other animals, and unknown bacterial sources. Though samples
were collected during the winter months there were no results reported from that time
period in the study. Though the results are preliminary, they do suggest that cattle and
humans are a source of bacteria in the basin. This is consistent with land use in the basin,
which includes cattle feedlots and grazing and homesteads which all run on their own
septic systems.
9 Cold Water Creek
• Cattle • Human • Animal • Unknown
1
1 —1
Fall Winter Spring Summer
Season
Figure 54. Results of ribotyping analysis for the study area,
from Skopec et ah, 2004
Chapter IV Discussion
Understanding how contaminants enter and move through a fluvio-karst
groundwater basin requires knowledge about the geographic limits of the basin and the
processes that affect its function. By definition (White 1988), a fluvio-karst drainage
system has components of surface and subsurface drainage, is composed of a limited
recharge area, an input and throughput network (the aquifer), and is discharged by
springs. The processes that operate on this hydrologic system affect contaminant
transport through it.
Karst Groundwater Basin Delineation
Initial dye tracing in the study area took place in 1986 (Wheeler et al, 1986) and
documented the loss of surface water into the Coldwater Cave groundwater basin.
Between June 2002 and August 2003, a surface stream inventory and a series often dye
traces were conducted that identified four karst groundwater basins in the area (Figure
55). The northern limit of all of the groundwater basins identified in this study is the
divide with the Root River drainage, which seems to follow Highway 52 that cuts across
the northern limit of the study area. The southern limit of all of the basins is the Upper
Iowa River. There are discrete drainage divides between each basin but they can change
depending on flow conditions.
Of the four basins identified, three are distinctly separate from the Coldwater
Cave groundwater basin. Tracer results during base level flow and after precipitation
events demonstrated that the underground flow routes can shift between adjacent
groundwater basins or can change within a groundwater basin.
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Figure 55. Karst groundwater basins in the study area
Serendipity groundwater basin has an area of 33 km2 and is the westernmost
groundwater basin identified in this study (Figure 56). The basin is recharged by spring-
fed Elliot Creek during base flow conditions. Dye trace results indicate that groundwater
moves through the basin via conduit flow. Discharge is from Serendipity Spring during
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Figure 56. Serendipity and Coldwater Cave groundwater basins.
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base flow and from Serendipity Spring and Coldwater Cave Spring during high flow
conditions. The Serenity Groundwater basin abuts the Niagara Cave groundwater basin
to the west. More dye tracing during base and high flow conditions is necessary in order
to better delineate the boundaries between those basins.
The Coldwater Cave groundwater basin (Figure 56) has an area of 81 km2 and is
located due east of the Serendipity groundwater basin. It is the largest of the groundwater
basins in the study area. During base flow conditions, Deer Creek, Coldwater Creek, and
Pine Creek Proper (all of which are spring-fed) loose stream water to the subsurface and
recharge the Coldwater Cave groundwater basin. The subsurface route of the surface
creeks is the Coldwater Cave System, which consists of a series of conduits many of
which are humanly enterable. The conduit series is composed of a master conduit (the
main stream passage of the cave), a smaller parallel conduit (Wanda's Walkway), and a
series of minor conduits (infeeding side passages), which drain into the master conduit.
During base flow conditions the main conduit and auxiliary infeeders of the Coldwater
Cave System are discharged by Coldwater Spring. The parallel conduit, Wanda's
Walkway, discharges to Carolan Spring. During high flow conditions, Wanda's
Walkway conduit overflows to the west across a subterranean drainage divide into the
mainstream passage of Coldwater Cave via the infeeding conduits. Overflow also
crosses a divide in the Monument Passage but its source of discharge is currently
unknown. Dye tracing was not conducted in the Monument Passage because it did not
have any water flow during the period of this study. Coldwater Spring discharges water
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from the main conduit of Coldwater Cave and from Wanda's Walkway conduit (Carolan
Spring).
The East Pine Creek groundwater basin (Figure 57) covers an area of 39 km' and
is located due east of the Coldwater Cave groundwater basin. It is recharged by a series
of diffuse flow springs in its northern reaches and discharges from the Hoppin Spring
A O 455 910 1.820M«ters
East Pine Creek
Groundwater Basin
Silver Creek
Groundwater Basin
Figure 57. East Pine Creek and Silver Creek groundwater basins
series and Marlow Spring. More dye tracing during base and high flow conditions is
necessary in order to better delineate the boundaries of this drainage basin
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The Silver Creek groundwater basin (Figure 57) is the eastern-most one in the
study area and has an area of 28 km2 +. It is drained via conduit flow by Rimstone River
Spring. The cave system associated with the spring contains over a kilometer of humanly
enterable conduit. It is possible that the cave system is recharged through an
unidentified flow route that originates in the northern section of the East Pine Creek
drainage or it could also be part of the Casey Spring Creek surface watershed. More dye
tracing is needed in order to define the limits of the Silver Creek groundwater basin.
The Hydrologic Unit Code (HUC) delineation used by the USGS has identified
five watersheds in the study area based on surface topography. However, it does not take
into account the groundwater basins that are recharged by the surface watersheds or the
springs that drain the groundwater basins. Figure 58 compares the HUC delineation based
on topography of the study area vs. the delineation based on dye tracing. Though the
HUC basins are similar in overall size and shape to those delineated by dye tracing in the
study area, they do not give an accurate measure of the size and specific location of the
actual active groundwater basins, nor do they take into account the fact that the
groundwater basin divides can change depending on amount of hydrologic flow. The
HUC basins defined in the study area would be problematic in terms of identifying the
origin and movement of contaminant sources within the topographic basins and would
provide incorrect data for watershed planning issues.
In fluvio-karst, watershed delineations should define the complete drainage
system, which includes the recharge area (both allogenic and autogenic), the throughput
system that includes the aquifer and subterranean conduits, and springs that discharge the
aquifer. This type of delineation should also indicate that divides between fluvio-karst
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A
Figure 58. Comparison of HUC delineation (on the left) vs. dye traces delineation
(on the right)
basins could change depending on flow conditions. The proper delineation of karst
watersheds both at the surface and subsurface is critical not only for determining
groundwater supplies, but also for identifying the source, direction, and, velocity that
contaminants can move. Basin delineation can also have serious implications when
considering how land use affects specific areas, and for calculating contaminant load on
specific basins.
Coldwater Cave Groundwater Basin
A karst groundwater basin is defined by a recharge area, the aquifer that drains
the system, and the springs that drain the aquifer and discharge to the surface.
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A. Recharge of the Coldwater Cave Groundwater Basin
The Coldwater Cave groundwater basin displays allogenic and autogenic recharge
(Figure 59). The local bedrock is carbonate and the region is mantled with quaternary
sediments. In the study area, the sediments range in thickness from fifteen to twenty two
meters in the northern reaches of the groundwater basin and thin to as little as two meters
or less to the southwest. The mode of recharge within the basin is a function of the
thickness of the quaternary sediment that mantles it.
Figure 59. Coldwater Cave groundwater basin, allogenic part in light gray,
autogenic part in dark gray
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Figure 60. Stream swallet, photo by John Lovaas
In the northern part of the basin where quaternary sediments are greater than
fifteen meters, the basin displays both diffuse allogenic and concentrated allogenic
recharge. An example of the former are the series of diffuse flow springs and wetlands
which drain a glacial till/loess perched aquifer and serve to recharge the surface streams.
The latter are the surface streams that flow across the mantled bedrock and sink when the
sediment cover thins.
As the quaternary sediments thin to eight meters or less, the allogenic streams
sink into the carbonate bedrock and autogenic recharge both concentrated and diffuse,
becomes the dominant mode of recharge. Concentrated autogenic recharge occurs as
precipitation that falls on the basin flows into bedrock fractures, swallets (Figure 60) and
sinkholes (Figure 61) and into stream sieves, coalescing in the epikarst. The concentrated
autogenic recharge has solutionally enlarged many of the fissures in the epikarst, forming
vertical shafts or epikarst domes (Figure 63). These features are common in the
Coldwater Cave system where 102 epikarst domes have been documented. The domes
function as drains for the epikarst above into the conduit system below. There are three
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Figure 61. Sinkhole taking water during recharge event, photo by Mike Lace
perennial waterfall domes located within the cave system that actively drains the epikarst.
Most of the other domes also contribute recharge into the cave system though the amount
is a function of climatic conditions. All of the epikarst domes display solutional features
such as flutes and rills, which indicate that the waters forming them are undersaturated
with respect to carbonate.
Diffuse autogenic recharge occurs when precipitation falls on the basin and
slowly percolates through the soil and small openings, making its way through the
epikarst and eventually to the conduit system below. This type of recharge has a longer
residence time in the epikarst and as a consequence becomes supersaturated with respect
to carbonate. The results of this type of flow are evident in many of the solutionally
Figure 62. Speleothem development in main
stream passage, Coldwater Cave
, photo by Scott Dankof
Figure 63. Epikarst dome in Coldwater Cave,
photo by Scott Dankof
UJ
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enlarged epikarst domes which also contain speleothems and whose walls are coated with
flowstone. Speleothem development is also evident on the ceilings, walls and on the
floor of sections of the mainstream passage and in many of the infeeders (Figure 64).
B. Coldwater Cave Hydrogeology
Water chemistry and water quality can vary greatly over short periods of time
within a karst aquifer (Ryan and Meiman 1996). In order to capture those events, high-
resolution sampling data is required. For this study, limited high-resolution stage data
exists but not for other chemical and physical parameters. The sampling interval for all
other physical and chemical parameters measured in this study is at much lower
resolution and does not capture the full range of responses of the aquifer to recharge
events.
Base flow is a function of storage within the epikarst and from continuous
recharge from the series of diffuse flow springs that drain a local perched glacial till/loess
aquifer. The longer it takes for water to move through the aquifer, the more time the
water has to interact with and equilibrate with the conditions of the aquifer bedrock.
Recharge events such as precipitation or freeze-thaw have short-term affects on cave stream
discharge, physical parameters, and water chemistry.
At the onset of a recharge event water begins to enter the aquifer. However, there
is a lag time between the start of the event and the response of the aquifer. The recharge
pulse pushes on the antecedent water causing an abrupt increase and then maximum peak
in the hydrograph curve. Physical and chemical parameters do not register a change on
the chemographs at this time because the water being measured is still antecedent. As the
flood pulse moves through the system, the hydrograph curve begins to rapidly decline
signaling the movement of event waters past the hydrograph measuring point. At this
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time, physical and chemical parameters of the recharge water begin to register on the
chemographs (Figure 64). During winter events, water temperature will decrease and for
late spring through early fall events, the water temperature will increase.
Using temperature as a proxy for other parameters, the response of the aquifer to a
recharge event can reasonably be described. Conductivity abruptly drops because ion
concentrations are diluted in the recharge water. The dilution affect also causes a
decrease in pH and bicarbonate concentration, which reflects the unsaturated with-
respect-to-carbonate nature of the recharge water.
As event water moves past the hydrograph measuring point, there is long, steady
recession of the hydrograph curve and physical and chemical parameters begin to
equilibrate to the ambient levels of the aquifer. The return to base level on the
hydrograph is the signature of fracture and matrix flow which provides the base stream
flow of the system though matrix flow is probably negligible in the dense, Ordovician-
aged carbonates that contain the aquifer.
Discrete storm events register as abrupt increases, followed by fast decreases in
the hydrograph. This is also indicative of conduit flow. During freeze-thaw events,
which are common between February and March, the hydrograph displays a roller-
coaster configuration in response to the diurnal increase and then decrease in recharge
water temperature.
The hydrographs for the Coldwater Cave groundwater basin show that the
hydrologic system is driven by seasonal recharge events. The aquifer displays a
combination of responses to the different flow regimes that drain the system. The water
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chemistry data reflect the nature of the antecedent and event water that move through the
system.
C. Spring discharge of Coldwater Cave Groundwater Basin
The base level stratigraphic unit of the Coldwater Cave aquifer is the Decorah
shale, which serves as an aquiclude. The underground streams flow at or near the contact
of the shale with the Dunleith Formation until valley erosion truncates the cave passage
and water discharges to the surface as springs. The surface discharge is carried in spring
runs that join the Upper Iowa River.
The Coldwater Cave Groundwater basin is drained by Coldwater Spring (Figure
65) and Carolan Spring (Figure 66), which are perennial. Base flow discharge at
Coldwater Spring is 549 liters/sec and at Carolan Spring is 150 liters/sec. A rise pool that
is located 400 meters northwest of Coldwater Spring may serve as overflow drainage
though this is currently unconfirmed. During high flow conditions an overflow spring
begins to flow from a small outlet fifty meters north of Carolan Spring. Two paleo-
springs suggest that flow routes of the groundwater basin have changed over time.
Though the stream resurging from a karst spring would be classified, by the
Strahler stream order method (Strahler 1952), as a first order stream, the fact that
underground streams can have many tributaries means that its not unusual for karst
resurgence springs to be a second order or higher stream. Coldwater Spring is a third
order stream and Carolan Spring is a second order stream.
Surface and Subsurface Stream Relationship:
In fluvio-karst areas, surface streams and subsurface streams are often treated as
separate entities though it has been documented that surface stream water does get into
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the groundwater. Dye tracing in the Coldwater Cave groundwater basin illustrates that
surface and subsurface streams function as a well integrated system. Surface streams
become the subterranean streams when they sink at swallets or in stream sieves and flow
through underground stream conduits. When they are discharged via springs they
become surface streams once again.
Another indication of the very close relationship between surface and subsurface
streams in the study area is the observed variations in cave stream water temperature vs.
changes in surface temperatures. The mean annual temperature of the cave stream is
8.9 °C. However, some of the subsurface streams and all of the discharge spring for the
Coldwater Cave groundwater system display fluctuations in water temperature as high as
nine degrees above and seven degrees below the mean annual temperature of spring
water temperature.
Underground stream temperatures can range between 2° to 18°C and are a
function of surface stream temperatures and discharge. Temperature data loggers that
were installed in the cave system and at various springs, measured significant ranges in
subsurface water temperatures and illustrated that the changes are a function of proximity
to surface streams. The cave streams that showed significant temperature ranges had
headwaters that were located directly under or within 200 meters of surface streams.
Surface waters enter and move through the system at high velocities such that they do not
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Figure 64. Coldwater Spring
Figure 65. Carolan Spring
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equilibrate with the ambient underground temperature. As a consequence, the springs
that discharge the cave stream water also display significant ranges in temperature.
In the study area it is well demonstrated that surface water, once it comes in
contact with the carbonate bedrock, makes its way quickly into the subsurface often times
leaving surface channels dry. The results of the three quantitative traces conducted in
1986 during high flow (Wheeler et al. 1986), and the quantitative trace done for this
study in 2003 during very low base flow, illustrate that the velocity of water from the
surface injection point to the detection site can range from 600 m/hour during high flow
to 150 m/ hour during base flow.
Contaminant Source
Land use in the Coldwater Cave groundwater basin is predominantly agricultural
in nature. This is reflected in the constituents of the groundwater. Nitrates, bacteria and
atrazine all display levels that are a function of anthropogenic interactions with the
landscape.
A. Nitrates and Bacteria
There are 42 livestock operations in the Coldwater Cave groundwater basin
including 4,003 head of beef, 860 hogs, 599 dairy and 290 heads of sheep and as a
consequence, over 19,000 tons of waste are generated annually (UIRW Project 2005).
Pasture for livestock grazing encompasses 19% of the basin land use. According to a
farm survey conducted in 2003 (NASS 2003), most local operations don't have waste
storage structures so it is common practice to scrape and haul manure out to the fields
throughout the year.
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Currently there are 120 homesteads in the study basin. According to the
Winneshiek County Sanitarian (UIRP Report 2004), over 30% of all septic systems are
not functioning properly. This results in human sewage entering the groundwater basin.
Preliminary nitrogen isotope analyses attribute nitrate source to ammonium fertilizers and
septic system wastes. The preliminary results of a project that studied microbial source
tracking via ribotyping indicated that bacteria sources are predominantly cattle and
human. However the project results also noted that other animals also provide sources of
bacteria but the small isolate sampling size did not allow a thorough identification of
other bacterial sources
B. Atrazine and Metabolite
Atrazine is a man-made substance so there are no "natural" background levels of
this material in the environment. Atrazine levels tested well below the EPA standard of
3ppb (there are no established levels for metabolites), despite the fact that 32% of the
land use of the area is in row crops where atrazine is used as the predominant pesticide.
Of importance is the ratio of atrazine to DEA (DAR). The degradation of atrazine to its
metabolite is a function of soil-pesticide interaction (Adams and Thurman 1991). The
longer atrazine remains in contact with the soil, the longer it will be exposed to the
degradation of soil bacteria. As a consequence metabolite will be produced.
Contaminant Concentrations, Load, and Transport
Contaminant concentration measures the amount of contaminant in a volume of
water (mg/liter) at the time of sampling. However, this doesn't offer much in the way of
insight with respect to the amount of contaminant moving through a groundwater system
for a given period of time. Contaminant load is the quantity of contaminant found in a
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given mass of water over a specific time period (liters/sec or liters/hour). Load is thus a
function of discharge, which in turn is a function of season. The amount of agricultural
contaminants moving through the ground water basin depends on the season and the
hydrologic conditions of that season.
In the study area, contaminant load is lowest in the winter months (November -
January). At this time of year freezing temperatures immobilize recharge in the form of
ice and snow. In February and March, surface temperatures fluctuate between above and
below freezing resulting in diurnal freeze-thaw events. Contaminant load (and discharge)
is highest during this time of year. From May through October, surface temperatures are
above freezing and storm events are common. These cause temporary increases in
contaminant load and degradation in water quality.
Soluble contaminants will emulate the movement of groundwater by virtue of
their solubility in it (White 1988, Vesper et al. 2001). Nitrate, atrazine, and its metabolite
DEA are soluble in groundwater and are transported into the groundwater basin via the
same recharge modes as surface water entering the system. The recharge flow paths
identified by dye tracing in this study are the same routes through which agricultural
contaminants enter and move through the groundwater basin. The nitrate levels
documented during the study were highly variable because of the effects of dilution from
recharge events.
Despite the fact that 32% of the basin under study is planted in corn crops, the
levels of Atrazine are significantly below the EPA minimum standard of 3ppb.
According to Adams and Thurman (1991), DAR ratios of <1 are indicative of atrazine
that enters the groundwater via diffuse flow. The relative increase in DEA levels during
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the spring application months strongly suggests that recharge from row crop areas to the
aquifer is occurring by diffuse flow, resulting in atrazine degradation and attenuation of
atrazine levels in the aquifer (Lerch 2005.).
It is the location of most corn crops in the basin to which the very low levels of
atrazine can be attributed. Most of the corn crops are located in the allogenic part of the
basin where quaternary sediments are greater than fifteen meters thick and where diffuse
infiltration (diffuse allogenic flow) into the ground is the predominant mode of
groundwater recharge.
In non-karst aquifers, bacteria transport is attenuated by adhesion of bacteria to
sediment (Bales et al. 1995). However, in karst aquifers sediment tends to be mobile and
thus acts as a vector of transport for bacteria (Mahler et al. 2004.) Bacteria
concentrations in the Coldwater Cave groundwater basin are directly related to recharge
events that mobilize sediments. High turbidity readings are associated with high bacteria
concentrations during recharge events.
Coldwater Spring displays a consistently higher contaminant load than Carolan
Spring. This is because the Cold Water Creek sub-basin of the Coldwater Cave
groundwater basin (which drains to Coldwater Spring) is larger in area than the Pine
Creek sub-basin, which is drained by Carolan Spring.
Climate
The hydrogeologic behavior of the Coldwater Cave groundwater basin and the
aquifer that drains it is dictated by climatic base level conditions and by precipitation.
Volume of discharge and velocity of groundwater movement depends on the hydrologic
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conditions in the study basin. Contaminant load is affected by the complex interaction of
climate, hydrogeology and seasonal land use.
Water Quality Issues and Implications
The Coldwater Cave drainage basin is but one of at least thirty karst groundwater
basins that make up the Upper Iowa River Watershed. Though they are different in their
details, all of the basins undoubtedly share the same overall hydrogeologic
characteristics, land use, and water quality issues. Ultimately the sub-watersheds that
feed the Upper Iowa River impact the river's health. Agricultural contaminants affect not
only the drinking water supplies of rural areas of the basin but also the city of Decorah,
Iowa. Though Decorah gets its drinking water from non-karst aquifers, it has been
documented that the water quality of those aquifers can and has been compromised by
their proximity to the Upper Iowa River. (Upper Iowa River Watershed Report, 2004).
Improving the water quality of the Upper Iowa River is not only an important health
issue, but also one of economics as the river provides an economic base for the region in
terms of tourism and other economic development.
Chapter V. Conclusions
The purpose of this study was to identify the source and movement of agricultural
contaminants in a karst groundwater basin within the context of local climate,
hydrogeology and land use. The study area is a fluvio-karst groundwater basin located in
the Corn Belt of northeast Iowa and southeast Minnesota.
Between June 2002 and August 2003, karst hydrogeologic feature inventories,
surface stream inventory, and a series often dye traces were conducted that identified
four karst groundwater basins in the study area. There are discrete drainage divides
between each basin but they can change depending on flow conditions. The Coldwater
Cave groundwater basin is the largest of the basins in the study area.
The Coldwater Cave groundwater basin displays allogenic and autogenic
recharge. The region is mantled with quaternary sediments that range in thickness from
twenty three meters in the northern reaches of the groundwater basin and thin to as little
as 2 meters or less to the southwest. The mode of recharge in a particular part of the basin
is a function of the thickness of the quaternary sediment that mantles it in that area.
The Hydrologic Unit Code (HUC) delineation used by the USGS does not take
into account the groundwater basins that drain surface watersheds or the springs that
drain the groundwater basins. The HUC basins in the study area do not correspond with
the groundwater basins that were delineated by dye tracing. In fluvio-karst, watershed
delineations should define the complete drainage system, which includes the recharge
area (both allogenic and autogenic), the throughput system that includes the aquifer and
subterranean conduits, and springs that discharge the aquifer. This type of delineation
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should also indicate that divides between fluvio-karst basins could change depending on
flow conditions.
Base flow within the Coldwater Cave System is a function of storage within the
epikarst and from continuous recharge from the series of diffuse flow springs that drain a
local perched glacial till/loess aquifer. Recharge enters the cave system through discrete
points on the surface (sinkholes, swallet, stream sieves), moves through the epikarst and
then enters the subterranean conduits via a network of epikarst domes. Some of the
recharge gets stored as soil moisture or in the epikarst and will slowly infiltrate into the
conduit via, fractures, fissures or bedding plane partings.
Recharge events such as precipitation or freeze-thaw have short-term effects on cave
stream discharge, physical parameters, water chemistry, and ultimately water quality.
Monthly water sampling as conducted during this study did not have the resolution
required to give an accurate measure of contaminant loads that move through the
groundwater system during particular recharge events. However, considered within the
context of karst aquifer response to such events, the data did illustrate that variability in
water quality is a function of when, during an event, the sampling occurred.
Dye tracing in the Coldwater Cave groundwater basin illustrated that surface and
subsurface streams work as a system. Surface streams become subterranean streams
when they sink at swallets, stream sieves, or sinkholes and flow through underground
stream conduits. When discharged via springs the underground waters become surface
streams once again.
Land use in the Coldwater Cave groundwater basin is predominantly agricultural
in nature. This is reflected in the constituents of the groundwater. Nitrates, bacteria, and
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atrazine all display levels that are a function of anthropogenic interactions with the
landscape. Soluble contaminants will emulate the movement of groundwater by virtue of
their solubility in it. Nitrate, atrazine, and its metabolite DEA are soluble in groundwater
and are transported into the groundwater basin via the same recharge modes as surface
water entering the system
Atrazine levels are very low in the study area because of the location of the row
crops for which atrazine is applied. Most of those crops are located in the northern part
of the groundwater basin where the thickness of quaternary sediments is greater than 15
meters. This means that atrazine remains in contact with the soil long enough for it to be
exposed to degradation by soil bacteria. The process results in the formation of the
metabolite DEA. The ratio of atrazine to its metabolite can serve as a measure that
indicates the flow regime that is operating in the area of the row crops.
Atrazine/metabolite ratios in the study area were consistently less than one which
suggests that atrazine is moving through a diffuse flow system.
Bacteria concentrations in the Coldwater Cave groundwater basin are directly
related to recharge events that mobilize sediments. High turbidity readings are associated
with high bacteria concentrations during recharge events.
The load of agricultural contaminants that move through the ground water basin
depends on the season and the hydrologic conditions of that season. In the study area,
contaminant load is lowest in the winter months (November - January). At this time of
year freezing temperatures immobilize recharge in the form of ice and snow. In February
and March, surface temperatures fluctuate between above and below freezing resulting in
diurnal freeze-thaw events. Contaminant load (and discharge) is highest during this time
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of year. From May through October, surface temperatures are above freezing and storm
events are common. These cause temporary increases in contaminant load and
degradation in water quality.
Coldwater Spring displays a consistently higher contaminant load than Carolan
Spring. This is because the Cold Water Creek sub-basin of the Coldwater Cave
groundwater basin (which drains to Coldwater Spring) is larger in area than the Pine
Creek sub-basin, which is drained by Carolan Spring.
The hydrogeologic behavior of the Coldwater Cave groundwater basin and the
aquifer that drains it is dictated by climatic base level conditions and by precipitation and
freeze-thaw events. Volume of discharge and velocity of groundwater movement are a
function of the hydrologic conditions in the study basin.
Identifying the sources of various contaminants is an important step in
determining effective methods for improving water quality. The proper delineation of
karst watersheds both at the surface and subsurface is critical not only for determining
groundwater supplies, but also for identifying the source, direction, and, velocity that
contaminants can move. Basin delineation can also have serious implications when
considering how land use affects specific areas, and for calculating contaminant load on
specific basins.
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